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Abstract
Background: Osteosarcoma (OS) is the prevalent form of primary bone cancer among adolescents, but
the 5-year overall survival rate for patients with a metastatic or recurrent OS is under 20%. Angio-
associated migratory cell protein (AAMP) is known to be a key regulator of cellular migration, yet its role
in the context of OS metastasis has yet to be �rmly established.

Methods: Bioinformatics analyses were used to explore the association between AAMP and YAP
expression and the prognosis of OS patients, and to evaluate differences in AAMP expression in patients
with primary OS, recurrent OS, and pulmonary metastatic OS. Immunohistochemical (IHC) staining was
additionally performed to compare AAMP levels in primary OS and pulmonary metastatic OS patient
samples. Lentiviral transduction was further used to establish OS cell lines in which AAMP or YAP had
been stably knocked down or overexpressed. OS cell migration and invasion were assessed using wound
healing and Transwell assays. Proteins associated with the mitochondria, the epithelial-mesenchymal
transition (EMT), YAP, and its target proteins were assessed in OS cell lines via Western blotting. OS cell
lamellipodia were detected via phalloidin staining. Mitochondrial morphological characteristics were
assessed via transmission electron microscopy following the knockdown of AAMP. An ATP kit was
employed to measure ATP levels in OS cells in which AAMP had been knocked down. Animal model
studies were used to con�rm indices associated with OS cell lung metastasis following AAMP
knockdown.

Results: Patients with metastatic OS exhibit higher levels of AAMP expression that are correlated with
poorer patient prognosis. Knocking down AAMP suppressed the migratory, invasive, and EMT activity of
analyzed OS cell lines. AAMP was found to regulate CFL1 and thereby control OS cell protrusion. AAMP
knockdown was further found to promote OS cell mitochondrial dysfunction and decreased intracellular
ATP production, with these AAMP knockdown cells exhibiting impaired migratory and invasive activity as
a consequence of YAP inhibition. Consistently, the knockdown of AAMP suppressed the in vivo
metastasis of OS cells.

Conclusions: Together, these data highlight a model wherein AAMP can promote OS cell migratory and
invasive activity by regulating YAP and mitochondrial functionality. The AAMP/CFL1/YAP signaling
pathway may thus represent a viable therapeutic target for efforts aimed at suppressing the metastatic
progression of OS. 

Background
Osteosarcoma (OS) is the most common form of primary bone malignancy among adolescents
(Belayneh et al., 2021; Smrke et al., 2021). Despite extensive research efforts, therapeutic options for OS
patients have largely remained unchanged over the last three decades and primarily consist of a
combination of surgery and neoadjuvant chemotherapy (Smrke et al., 2021). In contrast to other solid
tumor types, no targeted drugs have been approved for the treatment of OS (Meltzer and Helman, 2021).
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While patients with the localized disease exhibit a 5-year survival rate of roughly 60%, for those with
recurrent disease or pulmonary metastases this rate drops to 18.9%-20% (Bacci et al., 2008; Meltzer and
Helman, 2021). It is thus critical that the mechanisms governing OS progression and metastasis be better
clari�ed in order to identify novel biomarkers and therapeutic targets that can be leveraged to guide
patient treatment efforts.

Angio-associated migratory cell protein (AAMP) was �rst isolated by Beckner et al. in 1995 from a human
melanoma cell line (Beckner et al., 1995), with histological analyses having revealed it to be expressed at
high levels in cytotrophoblasts, endothelial cells, and poorly differentiated colon adenocarcinoma cells
(Beckner et al., 1995). More recent research has highlighted an important role for AAMP as a regulator of
the functionality of endothelial, smooth muscle, non-small cell lung cancer, and breast cancer cells
(Holvoet and Sinnaeve, 2008;Vogt et al., 2008;Bielig et al., 2009;Yin et al., 2013;Hu et al., 2016;Yao et al.,
2019;Yao et al., 2021). Intracellularly, AAMP is primarily observed within the cytoplasm and in association
with the plasma membrane, in addition to being secreted into the outer membrane matrix (Beckner et al.,
1995). This diversity of intercellular localization results suggests that AAMP may be involved in a wide
array of cellular functions. Bielig et al. determined that AAMP can participate in HEK293T cell signal
transduction (Bielig et al., 2009), while other researchers have demonstrated that it can activate
RhoA/ROCK signaling to promote the mobilization of smooth muscle cells and the migration of vascular
endothelial cells, thereby contributing to atherosclerotic and angiogenic processes (Holvoet and Sinnaeve,
2008;Hu et al., 2016). AAMP has further been reported to promote proliferation, metastasis, and
chemoresistance in breast and non-small cell lung cancer (Yin et al., 2013;Yao et al., 2019;Yao et al.,
2021). A negative relationship between AAMP upregulation and poor breast cancer patient clinical
outcomes has also been reported (Yin et al., 2013). How AAMP functions in OS, however, has not been
described to date.

Yes-associated protein (YAP) is a transcriptional coactivator that functions as a downstream signaling
mediator within the Hippo signaling pathway(Zanconato et al., 2019), playing critical roles in the context
of tissue regeneration and organ development (Moya and Halder, 2019). YAP signaling can contribute to
many malignant phenotypes such as enhanced proliferation, the loss of polarity, the acquisition of
chemoresistance, and tumor metastasis (Zanconato et al., 2019). Indeed, researchers had demonstrated
the ability of YAP to promote metastasis and mobility in gastric cancer, liver cancer, and clear cell renal
cell carcinoma (Qiao et al., 2017;Shi et al., 2018;Kim et al., 2021). The interplay between AAMP and YAP
in the context of OS metastasis, however, has not been explored in detail to date.

Mitochondria function as mediators of key intracellular processes including signal transduction, ATP
production, reactive oxygen species (ROS) generation, and the maintenance of calcium homeostasis, and
are regulated by dynamic processes including �ssion, fusion, and mitophagy (Genovese et al., 2021). At
the cellular level, these organelles in�uence growth, differentiation, signaling, and apoptotic cell death (Ji
et al., 2021), serving as the primary source of ATP, which is the de facto currency of cellular energetics
(Foo et al., 2021). Localized mitochondrial ATP generation is leveraged in the context of invasion and
motility through focal adhesion turnover (Scheid et al., 2021), with mitochondrial metabolic outputs from
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the glycolysis and oxidative phosphorylation pathways in�uencing such motility (Scheid et al., 2021).
Mitochondrial �ssion and fusion have been reported to shape oncogenic processes in breast,
endometrial, and liver cancer (Guo et al., 2020;Hu et al., 2020;Li et al., 2020). However, how mitochondrial
functionality is tied to OS metastatic progression has not been clari�ed to date.

Herein, we employed a series of clinical, bioinformatics, in vitro, and in vivo assays that ultimately
revealed AAMP to be highly upregulated in OS patients with pulmonary metastases and to be correlated
with a poor prognosis. Moreover, AAMP was found to regulate YAP and to thereby shape OS cell
migratory and invasive activity, while the knockdown of AAMP resulted in mitochondrial dysfunction and
thus inhibited the malignant invasion and migration of these tumor cells.

Materials And Methods

OS patient samples
All tissue samples were collected from patients at the Chongqing University Three Gorges Hospital who
had provided written informed consent. In total, 5 pairs of primary OS tumor and lung metastatic OS
samples were collected. The ethics committee of Chongqing University Three Gorges Hospital approved
the present study. TARGET-OS RNA-seq and survival data were downloaded from the XENA Open Network
database (https://xena.ucsc.edu), while the GSE21257 sequencing dataset and corresponding clinical
data were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/gds/). Analyses of patient
overall and metastasis-free survival were conducted using R (v 4.1.0) with the survival (v 3.1-12) and
survminer (v 0.4.8) packages. The Tumor OS public dataset (R2: Genomics Analysis and Visualization
Platform (amc.nl). Accessed 4 Jan 2021), consisting of 127 OS samples, was utilized for result
validation. The R2 platform (http://r2.amc.nl. Accessed 4 Jan 2021) was used for microarray data
analyses

Immunohistochemistry
Immunohistochemical (IHC) staining was performed by �xing samples using 4% paraformaldehyde,
embedding them in para�n, and using a microtome to cut them into 4 µm-thick serial sections which
were then blocked, probed with primary antibodies (1:500) (Additional �le 1: Table S1), and imaged with a
microscope. Two experienced pathologists independently reviewed the stained tissues. The percentage of
positive staining and staining intensity were recorded for each sample, then immunoreactivity score (IRS)
was valued by multiplying positive staining percentage with staining intensity. The expression of AAMP
was de�ned according to the median IRS.

Cell lines
The U2OS, SAOS2, MG63, and 143B human OS cell lines were obtained from the Chinese Academy of
Sciences Cell Bank. All cells were cultured in DMEM (Gibco) containing 10% FBS and
penicillin/streptomycin in a 37°C 5% CO2 incubator.
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Plasmid and vector construction
The AAMP DNA fragment was ampli�ed via PCR and inserted into the pCDH-vector (see Additional �le 1:
Table S1 for PCR primers). shRNA constructs speci�c for AAMP (shAAMP-1 and shAAMP-2) were
synthesized by Tsingke (Beijing, China) and inserted into the pLKO.1 vector (see Additional �le 1: Table S2
for shRNA sequences). Lentiviral knockdown or overexpression of YAP was conducted as in our previous
studies(Zhan et al., 2021).

Western blotting
RIPA buffer (Beyotime, Beijing, China) was used to prepare protein lysates from cells, after which the
concentrations of those proteins were determined using a BCA kit (Beyotime, Beijing, China). Samples of
equal size (30µg) were then separated via SDS-PAGE and transferred onto PVDF membranes (Millipore)
that were incubated overnight with appropriate primary antibodies (Additional �le 1: Table S3) at 4℃,
followed by incubation with a secondary antibody for 1 h. Protein bands were then detected using a high
sensitivity electrochemiluminescence detection kit and a chemiluminescence imaging system (Bio-Rad,
USA), with ImageJ being used for densitometric analyses.

Transwell assays
OS cells (6 × 104) were added to the upper chamber of a Transwell insert (8 µm pore size; Corning, USA).
For analyses of cellular invasion, this chamber was coated with Matrigel prior to cell addition. Cells were
incubated in these chambers for 24 h, after which migratory or invasive cells were �xed using 4%
paraformaldehyde, stained with 0.1% crystal violet (Beyotime), and imaged in �ve �elds of view per well
with a light microscope (Olympus).

.

Wound healing assay
Cells were added to 6-well plates (4 × 105/well) until con�uent, at which time a scratch wound was
generated in the monolayer surface using a sterile 200 µl pipette tip. The wound area was imaged at 0
and 24 h post-wounding, with cell migration then being imaged via inverted light microscope, and wound
width being quanti�ed using ImageJ.

F‐actin staining and �lopodia analyses
Cells were plated onto adhesive microscope slides (1× 103/well) and grown in DMEM containing 10%
FBS for 24 h, after which they were rinsed with PBS and �xed with 3.7% paraformaldehyde for 20 min.
After three additional washes using PBS supplemented with 0.1% Triton X-100, F-actin staining was
performed for 1 h using Actin-Tracker Green-phalloidin (Cat. C2201S, Beyotime) in the dark at room
temperature, followed by nuclear counterstaining using DAPI (Cat.C1005, Beyotime). Cells were then
imaged via scanning microscope (Nikon, Japan) at 600x magni�cation. This same approach was used
for MG63 cells overexpressing AAMP after 24 h. ImageJ was used for �lopodia quanti�cation.
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Transmission electron microscopy (TEM)
143B and MG63 cells were plated overnight in Petri dishes (1 × 106 cells/plate). After a 24 h incubation in
standard culture medium, cells were harvested, �xed using 2.5% glutaraldehyde and 1% osmic acid,
dehydrated with an ethanol gradient and acetone, embedded, cut into ultra-thin sections, stained using
3% uranyl acetate-lead citrate, and imaged via TEM (JEM-1400 Plus, JEOL, Japan).

Measurements of cellular ATP
An ATP Assay Kit (ab83355, Abcam) was used to measure ATP levels in samples using reagents
prepared based on provided protocols. Initially, 50 µL ATP standards were prepared for use as a standard
curve, after which 1 × 106 cells in 6-well plates were lysed on ice using lyolysis. Samples were then
centrifuged for 5 min at 13,000×g at 4°C, and supernatants were collected for analysis. All samples were
adjusted to a �nal volume of 50 µL using ATP Assay Buffer, with 50 µL of Reaction Mix being added to
each standard and sample well, and 50 µL of Background Reaction Mix being added to background
control wells. After a 30 min incubation in the dark at room temperature, absorbance was assessed at
570 nm via microplate reader. All analyses were repeated in triplicate.

In vivo pulmonary metastasis model

To explore the in vivo impact of knocking down AAMP on the metastasis of OS cells to the lung, BALB/c
nude mice (5-weeks-old; Hunan Laike Jingda Experimental Animal Co. LTD, China) were randomized into
shNC and shAAMP-1 groups that were injected via the tail vein with 5 × 106 143B- shNC or shAAMP-1
cells. Murine body weight was measured every third day, and on day 30 post-injection, mice were
euthanized. Lung tissues were then collected, �xed with 4% paraformaldehyde, para�n-embedded, cut
into sections, and stained with hematoxylin and eosin (H&E). Metastatic nodules were then visualized
and counted via light microscopy.

Statistical analyses
Data were compared via Student’s t-tests or one-way ANOVAs, and all experiments were conducted a
minimum of three times. P < 0.05 was the threshold of signi�cance unless otherwise noted. SPSS 26.0
(IL, USA) or GraphPad Prism 8.00 (CA, USA) were sued for all statistical analyses.

Results

Patients with metastatic OS metastasis exhibit AAMP that
correlates with a poor patient prognosis
While AAMP has been reported to function in an oncogenic manner in breast and lung cancer (Yin et al.,
2013;Yao et al., 2021), its role in OS has yet to be characterized. Herein, we began by comparing the
association between AAMP expression levels and the odds of overall survival among 84 OS patients in
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the GSE21257 dataset published previously. In this analysis, the overall survival of 32 patients exhibiting
high levels of AAMP expression was signi�cantly reduced relative to that of the 52 patients exhibiting low
levels of AAMP expression (Fig. 1a). We then assessed AAMP expression levels in the GSE124768
dataset consisting of OS and recurrent OS xenograft samples using an online bioinformatics platform
(http://r2.amc.nl. Accessed 4 Jan 2021), revealing AAMP expression to be increased in recurrent OS
relative to primary OS samples (Fig. 1b). AAMP expression in OS samples varied as a function of the
tissue being assessed (tibia, right humerus, femur, right distal femur, and lung mass), with the highest
levels being evident in analyzed metastatic lung masses (Fig. 1c). Consistently, IHC staining of 5 pairs of
primary OS and lung metastatic OS tumor tissue samples revealed signi�cantly increased AAMP
expression in metastatic lung nodules from these patients (Fig. 1d). Together, these results suggest that
AAMP may function as an important driver of OS pulmonary metastasis.

To further expand on these �ndings, Western blotting was used to assess AAMP levels in four human OS
cell lines (U2OS, SAOS2, 143B, MG63), revealing variable levels of this protein among cell lines (Fig. 1e, f).
The MG63 and 143B cell lines, which exhibited the highest levels of AAMP expression, we used in
subsequent follow-up assays, and were employed to generate cells in which AAMP had been stably
knocked down via lentiviral transduction as con�rmed via Western blotting (Fig. 1g, h).

Knocking down AAMP suppresses OS cell migratory,
invasive, and epithelial-mesenchymal transition (EMT)
activity
To better understand how AAMP in�uences OS cell migratory and invasive activity, wound healing and
Transwell assays were conducted using MG63 and 143B cells in which AAMP had been knocked down.
Signi�cant reductions in the migration and invasion of 143B-shAAMP and MG63-shAAMP cells were
observed relative to corresponding controls (Fig. 2a-d). The EMT is a critical process that is integral to the
pulmonary metastatic progression of OS and other cancer types (Han et al., 2019;Lin and Wu, 2020).
Western blotting was thus used to assess the expression of EMT-associated marker proteins in 143B and
MG63 cells following AAMP knockdown. In cells in which AAMP had been knocked down, the epithelial
marker E-cadherin was upregulated, with a concomitant drop in the expression of the mesenchymal
markers N-cadherin and Vimentin (Fig. 2e). In addition, MMP-9 and Snail were downregulated in cells in
which AAMP had been knocked down relative to corresponding controls. These data thus indicate that
AAMP knockdown can disrupt OS cell migratory and invasive activity in part via the inhibition of the EMT.

AAMP regulates CFL1 to promote OS cell protrusion
Co�lin-1 (CFL1) can promote the reorganization of the actin cytoskeleton and EMT induction in colorectal
cancer cells(Sousa-Squiavinato et al., 2019), and has also been proposed to be a mediator of
chemoresistance and metastasis in prostate cancer (Chen et al., 2020). Bioinformatics analyses of 53 OS
patient samples (R2: Two Gene View for AAMP with CFL1 (amc.nl) Accessed 4 Jan 2021) revealed AAMP
and CFL1 gene expression levels to be positively correlated (Fig. 3a), and Western blotting revealed p-



Page 9/25

CFL1 levels to be signi�cantly reduced following the knockdown of AAMP (Fig. 3b, c). Such p-CFL1 is
important for maintaining F-actin stability (Qiao et al., 2017). Lamellipodium formation is critical to the
movement of cancer cells, and as these lamellipodia are composed of F-actin, the degradation of F-actin
can result in lamellipodium collapse (Shi et al., 2018). Given our above �ndings, we speculated that
AAMP may drive OS cell migratory by promoting lamellipodium formation. We thus utilized phalloidin to
stain for F-actin in MG63 and 143B cells in which AAMP had or had not been knocked down. These
assays revealed that AAMP knockdown cells exhibited a smoother cell surface relative to control cells
(Fig. 3d, e), with fewer evident protrusions (red arrows) consistent with the inhibition of lamellipodium
formation. AAMP overexpression, in contrast, was su�cient to enhance lamellipodium formation in OS
cells (Fig. 3f). These data suggest that AAMP can regulate OS cell lamellipodium formation at least in
part by regulating p-CFL1 levels within cells, thereby enhancing their migratory and invasive potential.

Knocking down AAMP induced mitochondrial dysfunction
and impairs ATP production in OS cells
Mitochondria are key mediators of cellular energy production in the form of ATP (Foo et al., 2021),
in�uencing proliferative activity, apoptosis, and differentiation while also contributing to ROS generation,
regulating calcium homeostasis, and coordinating signal transduction (Foo et al., 2021;Ji et al., 2021).
Tumor cells require large quantities of ATP to move effectively (Garde and Sherwood, 2021;Scheid et al.,
2021). Both F-actin and CFL1 have recently been shown to serve as important regulators of mitochondrial
functionality (Rehklau et al., 2017;Hoffmann et al., 2019), and reductions in F-actin expression and CFL1
phosphorylation can suppress OS cell migratory and invasive activity (Hsieh et al., 2021). In light of our
above results, we speculated that AAMP may regulate mitochondrial dynamics within OS cells.
Consistently, TEM analyses revealed that AAMP knockdown was associated with the swelling and
vacuolation of mitochondria in MG63 and 143B cells with a concomitant loss of mitochondrial cristae
(red arrows), whereas no corresponding disruption of mitochondrial morphology was evident in control
cells (green arrow, Fig. 4a). Western blotting revealed that AAMP knockdown was associated with
increases in the expression of the mitochondrial �ssion markers MFF and p-DRP1(S616) relative to
control cells, with a corresponding drop in the levels of the mitochondrial fusion marker proteins OPA1
and MFN2 (Fig. 4b-d). ATP levels were also found to be signi�cantly reduced in AAMP-knockdown OS
cells relative to corresponding controls (Fig. 4e). These data thus suggest that the knockdown of AAMP
within OS cells can result in aberrant mitochondrial functionality and impaired ATP synthesis.

Knocking down AAMP suppresses the migratory and
invasive activity of OS cells by inhibiting YAP
We have previously shown YAP to function as a promoter of OS cell resistance to photodynamic therapy
owing to its ability to protect against apoptotic cell death (Zhan et al., 2021), and other studies have
further shown that YAP can enhance the migratory and invasive activity of a range of cancer cell types
(Yamaguchi and Taouk, 2020;Barrette et al., 2021;Sun et al., 2021), including OS cells (Kovar et al., 2020).
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An initial bioinformatics analysis revealed the expression of AAMP and YAP to be positively correlated in
OS patients (R2: Two Gene View for AAMP with YAP1 (amc.nl) Accessed 4 Jan 2021)(Fig. 5a), and
patients exhibiting higher levels of YAP expression exhibited reduced metastasis-free survival rates (R2:
Kaplan Meier Scanner (amc.nl) Accessed 4 Jan 2021)(Fig. 5b). The gene expression level of YAP in
metastatic osteosarcoma was signi�cantly higher than that in patients without metastasis (R2: Two
Gene View for NG_5yrmetastases with YAP1 (amc.nl).Accessed 4 Jan 2021)(Fig. 5c).To expand on these
analyses, we stably knocked down or overexpressed YAP in the MG63 and 143B cell lines, and we
con�rmed successful knockdown or overexpression via Western blotting (Fig. 5d-g). Transwell assays
revealed that the migration of both of these cell lines was signi�cantly suppressed following YAP
knockdown relative to control cells (Fig. 5h, i), whereas YAP overexpression enhanced both migratory and
invasive activity for these cell lines (Fig. 5h, i). Western blotting further revealed that the knockdown of
AAMP in both MG63 and 143B cells was associated with decreases in the levels of YAP and its
downstream targets CTGF and CYR61 relative to control cells (Fig. 5j, k). We then assessed the levels of
EMT-related marker proteins in these cells, revealing YAP knockdown to result in the upregulation and
downregulation of epithelial and mesenchymal marker proteins, respectively (Fig. 5l-n). These data
suggest that AAMP can regulate YAP to promote OS cell invasion, migration, and EMT induction.

Knocking down AAMP suppresses the in vivo metastasis of
OS cells
To further con�rm the ability of AAMP to contribute to the pulmonary metastasis of OS, we implemented
a model system in which nude mice received an intravenous injection of 143B cells in which AAMP had
or had not been stably knocked down. While there were no differences in murine body weight when
comparing the shNC and shAAMP-1 groups (Fig. 6a), metastatic lung nodules were evident in 4/5 mice in
the shNC group but in only 1/5 mice in the shAAMP-1 group (1/5) (Fig. 6b, c). There were also
signi�cantly more metastatic nodules in the lungs of mice in the shNC group relative to those of mice in
the shAAMP group (Fig. 6d). In summary, the knockdown of AAMP can suppress the in vivo metastasis of
OS cells to the lungs.

Discussion
Previous reports suggest that AAMP can function in part by promoting migratory activity in vascular
endothelial, smooth muscle, breast, and non-small cell lung cancer cells (Holvoet and Sinnaeve,
2008;Vogt et al., 2008;Yin et al., 2013;Hu et al., 2016;Yao et al., 2021). The overexpression of AAMP
results in enhanced migratory activity in vascular smooth muscle cells, while antibody or siRNA
transfection mediated inhibition of AAMP can reverse this effect (Holvoet and Sinnaeve, 2008). AAMP
downregulation results in decreases in RhoA activity levels within vascular smooth muscle cell
membrane components (Holvoet and Sinnaeve, 2008;Vogt et al., 2008), consistent with the ability of this
protein to regulate angiogenesis and migration activity in vascular endothelial cells by controlling RhoA
activation (Hu et al., 2016). We have previously reported that reductions in RhoA activity can suppress
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YAP activity via the RhoA/ ROCK2/LIMK2/CFL1 pathway, thereby compromising the ability of OS cells to
tolerate photodynamic therapy (Zhan et al., 2021). AAMP promotes proliferative activity and
chemoresistance within NSCLC cells through interactions with epidermal growth factor (Yao et al., 2019),
and it has also been suggested to interact with CDC42 within NSCLC cells to drive their invasive and
migratory activity (Yao et al., 2021). Herein, we found that OS patients exhibiting high levels of AAMP
expression exhibited a worse prognosis than patients expressing lower levels of this protein, with such
upregulation being more pronounced in patients with recurrent or lung metastatic OS relative to patients
with primary OS. The knockdown of AAMP signi�cantly suppressed OS cell migratory and invasive
activity in addition to blunting EMT induction. Given the central role of the EMT in tumor metastatic
progression (Lin and Wu, 2020), we posit that AAMP may function as a key regulator of OS cell
metastasis.

The terminal Rho GTPase signaling cascade effector protein CFL1 is an important regulator of actin
dynamics within cells, functioning by cutting F-actin and promoting �lament depolymerization (Sousa-
Squiavinato et al., 2019). The overexpression of CFL1 has been reported in many tumors wherein it
regulates cytoskeletal recombination, EMT induction, and lamellipodium formation (Xu et al., 2021). The
inactivation of CFL1 is mediated by its Ser3 phosphorylation by LIMK1/LIMK2 and by upstream Rho
GTPase signaling intermediates such as Rac1, RhoA, and Cdc42 (Xu et al., 2021). The phosphorylation of
CFL1 causes it to lose its a�nity for actin, leading to the inhibition of depolymerization and cleavage,
while its phosphatase-mediated dephosphorylation results in CFL1 activation. AAMP is an important
upstream regulator of RhoA activation (Holvoet and Sinnaeve, 2008;Vogt et al., 2008;Hu et al., 2016).
Herein, we found AAMP and CFL1 expression levels to be positively correlated in OS patients. Following
AAMP knockdown, p-CFL1 and F-actin levels declined, and lamellipodia formation was reduced. These
data align well with NSCLC-related �ndings published by Yao et al. (Yao et al., 2021). As such, we
hypothesized that AAMP may control OS cell migration and invasion by regulating RhoA activity and
in�uencing cytoskeletal dynamics via the RhoA /ROCK/LIMK/CFL1 axis.

The mitochondrial are key coordinators of cellular metabolic activity, generating ATP through the TCA
cycle and oxidative phosphorylation in addition to regulating diverse cellular processes(Foo et al., 2021;Ji
et al., 2021). Tumor cell invasion/migration and associated F-actin polymerization consume large
quantities of ATP (Garde and Sherwood, 2021). CFL1 has previously been shown to maintain
mitochondrial morphology and to regulate mitochondrial dynamics (Rehklau et al., 2017;Hoffmann et al.,
2019). When activated, CFL1 is transported to the mitochondrial outer membrane where it is able to
interact with dynamin-related protein 1 (Drp1), inducing mitochondrial �ssion, cytochrome C release, and
consequent tumor cell apoptosis (Hoffmann et al., 2019;Hu et al., 2020). CFL1 can further regulate EMT
induction within colorectal cancer (CRC) cells by promoting cytoskeletal rearrangement and cell-cell
interactions (Sousa-Squiavinato et al., 2019). Herein, we found that the knockdown of AAMP was
associated with mitochondrial swelling, a loss of mitochondrial cristae, impaired mitochondrial fusion,
and reduced ATP production, thereby inhibiting OS cell migration and invasion. CFL1 has recently been
suggested to function as a regulator of chemoresistance and metastasis in prostate cancer (Chen et al.,
2020). In metastatic HCC, Zhang et al. have suggested that excessive mitochondrial �ssion is
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predominant (Zhang et al., 2020), which may have important research implications. Moreover, Chuang et
al. (Chuang et al., 2020) have reported that ROS generation can disrupt normal mitochondrial dynamics,
resulting in increased �ssion, autophagic activity, and mitochondrial dysfunction within skin cancer cells.
These results suggest that AAMP regulates CFL1 phosphorylation, resulting in changes in mitochondrial
morphology, function, and ATP production that ultimately shape the migration and invasion of OS cells
(Fig. 6e).

YAP is a transcriptional coactivator that functions as a downstream component of the Hippo signaling
pathway (Zanconato et al., 2019), and it is an important mediator of organ development and tissue
regeneration(Moya and Halder, 2019). Prolonged, excessive YAP activation is a common hallmark of
oncogenesis (Moya and Halder, 2019). Mechanistically, Shi et al. (Shi et al., 2018) found that YAP was
able to regulate the CFL/F-actin/lamellipodium axis to drive metastatic activity in hepatocellular
carcinoma (HCC) cells. Qiao et al. (Qiao et al., 2017) further reported YAP to regulate ARHGAP29 within
gastric cancer cells and to thereby control F-actin dynamics to regulate metastatic progression. AAMP
has previously been shown to regulate RhoA activity within vascular endothelial and smooth muscle cells
(Holvoet and Sinnaeve, 2008;Vogt et al., 2008;Hu et al., 2016). Our prior work suggests that reductions in
RhoA activity within OS cells can inhibit the activity of YAP via a RhoA/ROCK2/LIMK2/CFL1 signaling
axis (Zhan et al., 2021). We thus hypothesized that AAMP may be able to regulate YAP to control the
migratory and invasive activity of OS cells. To test this hypothesis, we conducted bioinformatics analyses
which revealed YAP and AAMP expression levels to be strongly positively correlated in OS. Patients with
high levels of YAP expression exhibited signi�cantly lower rates of metastasis-free survival relative to
patients with lower levels of YAP expression. Knocking down YAP was su�cient to reduce the migratory
and invasive activity of OS cells in vitro, whereas its overexpression had the opposite effect. YAP protein
levels and those of downstream target genes also fell signi�cantly following the knockdown of AAMP,
together with reductions in EMT marker protein expression. These data are consistent with recent
evidence published by Morice et al. (Morice et al., 2021), who demonstrated that YAP can bind to Smad3
in response to TGF-B signaling, thereby promoting OS pulmonary metastasis. Overall, these data suggest
that AAMP can promote OS invasion and migration at least in part by enhancing YAP activation.

To further con�rm the functional importance of AAMP as a mediator of OS pulmonary metastasis, we
established a murine model of lung metastasis. In this experimental context, AAMP knockdown
signi�cantly reduced the number of metastatic lung nodules observed in mice without any concomitant
reduction in murine body weight, potentially as a consequence of the selected experimental time point.
These results thus suggest that AAMP is an important mediator of OS cell metastasis, and that the
therapeutic targeting of AAMP may be a viable approach to suppressing the metastatic progression of
this form of cancer.

There are certain limitations to the present study. For one, no large-scale analyses of clinical samples
were performed, although corresponding analyses of a limited subset of primary tumors and lung
metastases were conducted along with supporting bioinformatics research. Secondly, no rescue
experiments associated with YAP or AAMP were conducted, although the overexpression and knockdown
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of these genes were evaluated in two cell lines, and the impact of AAMP on OS cell migratory and
invasive activity was assessed in the context of AAMP knockdown-associated mitochondrial dysfunction,
with animal studies further being used to validate these results.

Conclusions
In conclusion, our data indicate that AAMP can promote OS cell migration and invasion at least in part by
regulating YAP and mitochondrial functionality. As such, targeting the AAMP/CFL1/YAP signaling axis
may be of value as a novel approach to preventing the metastatic progression of OS.
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Figures

Figure 1

Patients with metastatic OS exhibit the upregulation of AAMP that is correlated with a poor prognosis. a
Overall survival outcomes for 32 and 52 OS patients respectively exhibiting high and low levels of AAMP
expression (P < 0.05). b AAMP levels were assessed in 18 OS xenograft samples and 3 recurrent OS
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samples (P < 0.001). c AAMP levels were measured in different portions of xenograft OS samples (tibia,
right humerus, femur, right distal femur, and lung mass) (P < 0.001). d AAMP expression in primary OS
tissue samples and lung metastases was assessed via immunohistochemical staining. e, f AAMP levels
in OS cell lines (143B, MG63, SAOS2, and U2OS) were measured via Western blotting. g, h AAMP levels
were detected via Western blotting in 143B and MG63 levels following appropriate lentiviral transduction,
with GAPDH as a loading control. All analyses were conducted in triplicate. *P < 0.05 **P < 0.01 ***P <
0.001
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Figure 2

Knocking down AAMP suppresses the migratory, invasive, and epithelial-mesenchymal transition (EMT)
activity of OS cells. a, b 143B cells were used in a wound healing assay following the knockdown of
AAMP. c, d MG63 cells were used in a wound healing assay following the knockdown of AAMP. e-g EMT-
related protein levels were assessed via Western blotting after AAMP knockdown. All analyses were
repeated in triplicate. *P < 0.05 **P < 0.01 ***P < 0.001
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Figure 3

AAMP regulates CFL1 to promote OS cell protrusion. a A positive correlation between the expression of
AAMP and CFL1 was evident in OS samples (r = 0.332, P < 0.05). b, c Western blotting was used to
assess p-CFL protein levels in OS cells following the knockdown of AAMP. d-f F-actin and nuclei were
respectively stained using phalloidin (green) and DAPI (blue). Cells were imaged via laser confocal
microscope, with protrusions being marked with red arrows. All analyses were repeated in triplicate. *P <
0.05 **P < 0.01 ***P < 0.001
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Figure 4

Knocking down AAMP induces mitochondrial dysfunction and decreases ATP production in OS cells. a
Mitochondrial damage characterized by vacuolization and the loss or rupture of mitochondrial cristae
(red arrow) was evident in cells in which AAMP had been knocked down but not in control cells in which
mitochondria exhibited a clear double membrane and intact cristae (green arrow). b-d Mitochondria-
associated proteins were assessed via Western blotting following AAMP knockdown, with GAPDH as a
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loading control. e ATP levels were measured using an ATP Assay Kit. All analyses were repeated in
triplicate. * P < 0.05 **P < 0.01 ***P < 0.001

Figure 5

Knocking down AAMP suppresses OS cell migratory and invasive activity as a consequence of YAP
inhibition. a A strong positive correlation between AAMP and YAP expression levels was observed in OS
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samples (r = 0.559, P < 0.05). b Metastasis-free survival rates were assessed for 43 and 45 patients
respectively exhibiting high and low YAP expression levels. c The gene expression level of YAP in
metastatic osteosarcoma was compared with patients without metastasis. d–g YAP levels were
assessed in the indicated groups of 143B and MG63 levels via Western blotting, with GAPDH serving as a
loading control. h, i Transwell assays were conducted using 143B and MG63 cells following the
knockdown or overexpression of AAMP. j, k Western blotting was used to measure levels of YAP and
associated downstream targets following the knockdown of YAP, with GAPDH serving as a loading
control. l-n Western blotting was used to assess levels of EMT marker proteins in OS cells in which YAP
had been knocked down. All analyses were conducted in triplicate. * P < 0.05 **P < 0.01 ***P < 0.001

Figure 6

The knockdown of AAMP suppresses in vivo OS cell metastasis. a Nude mice were injected via the tail
vein with 143B cells that had been engineered to stably express shNC or shAAMP (n = 5/group), with
bodyweight values then being measured over time. b Macroscopic and microscopic images of pulmonary
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metastatic nodules that had been subjected to H&E staining. c The percentages of mice in each group
harboring lung metastases. d The numbers of metastatic lung nodules observed in H&E-stained lung
tissue sections. e The potential mechanisms whereby AAMP promotes OS cell metastasis to the lungs.
AAMP can promote CFL1 phosphorylation and mitochondrial functionality, thereby driving YAP activation
and enhancing ATP production, ultimately contributing to higher odds of lung metastasis. 
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