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Metastasis is considered the leading cause of cancer death due
to the limited possibilities to therapeutically target this process.
How the ubiquitination machinery contributes to metastasis
remains underexplored. Angio-associated migratory cell pro-
tein (AAMP), a ubiquitously expressed protein involved in
cell migration, has been reported to play oncogenic roles in
breast and non-small cell lung cancer (NSCLC). However, the
role of AAMP in colorectal cancer (CRC) has not been demon-
strated. Here, we report that AAMP is aberrantly upregulated
in metastatic CRC and that AAMP upregulation is correlated
with the poor survival of CRC patients. AAMP knockdown
significantly attenuated the migration and invasion of CRC
cells, while AAMP overexpression led to the opposite effects.
Mechanistically, we identified Ras homolog family member A
(RhoA) as a target of AAMP. Smad ubiquitin regulatory factor
(SMURF) 2 was previously found to be a CRC suppressor.
Notably, we discovered here that SMURF2 acted as an E3 ubiq-
uitin ligase to mediate the ubiquitination and degradation of
RhoA. AAMP stabilized RhoA by binding to it and suppressing
its SMURF2-mediated ubiquitination and degradation. Subse-
quently, the level of active RhoA was increased, thereby acceler-
ating CRC cell migration and invasion. These findings indicate
a new potential antitumor target for CRC.

INTRODUCTION
Colorectal cancer (CRC) has the second highest mortality rate among
cancers, with an estimated 147,950 diagnoses and 53,200 deaths in the
United States in 2020.1 Despite advances in surgical resection and sys-
temic chemotherapies, most patients with CRC die as a result of inva-
sion and metastasis.2 However, there is still a lack of effective targeted
therapies for metastatic CRC due to its elusive mechanisms. There-
fore, defining the mechanisms underlying CRC metastasis is critical
for developing effective therapies.

Metastasis is a hallmark of cancer.3 The first step in metastasis is in-
vasion, during which cancer cells migrate away from the primary site
and into the surrounding tissues. Changes in cell morphology, protru-
sive activity, and cell polarity mediated by actions on cytoskeletal dy-
namics are involved in the acquisition of invasive behavior. Tumor
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cells can adopt an amoeboid-like migration mode with a rounded
cell body phenotype or display a mesenchymal migration mode
with an elongated cell body phenotype.4 The Rho guanosine triphos-
phatase (GTPase) family is a family of ubiquitously expressed GTP-
binding proteins involved in regulating cytoskeletal dynamics. Rho
GTPases were first identified to participate in cell migration 26 years
ago.5 Recently, accumulating data have indicated that Rho GTPases
play a vital role in cancer cell migration.6,7 Among the 20 Rho GTPase
members in humans, the Ras homolog family member A (RhoA) sub-
family is one of the best characterized subfamilies.8 RhoA induces the
assembly of the contractile actin cortex and ameboid (bleb) migration
by promoting the phosphorylation of myosin light chain 2 (MLC2)
and the actin-membrane linkage proteins ezrin/radixin/moesin
(ERM).9 Indeed, RhoA was found to promote colon cancer metastasis
and correlate with poor clinical outcomes.10–12 However, the molec-
ular determinants that govern RhoA protein degradation and stability
in CRC have yet to be identified.

The ubiquitin-proteasome system is involved in the degradation of
more than 80% of proteins in cells, and defects in this system have
been shown to cause pathological conditions, including malignant
transformation.13 Ubiquitination is a cascade process by which ubiq-
uitin, a ubiquitously expressed protein consisting of 76 amino acids, is
ligated to a substrate protein.14 Ubiquitin-activating enzymes (E1s)
initially bind to ubiquitin for its activation and then transfer activated
ubiquitin to ubiquitin-conjugating enzymes (E2s). Ubiquitin ligases
(E3s) finally transfer ubiquitin from E2s to substrate proteins, which
ultimately leads to their degradation by the proteasome.14 E3 ligases
play a key role throughout the process of ubiquitination because of
their substrate specificity.
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There are three types of E3s: really interesting new gene
(RING) family members, homologous to the E6AP C terminus
(HECT) domain E3s and RING-in-between-RING (RBR) E3s.15

Smad ubiquitin regulatory factor 2 (SMURF2) belongs to the homol-
ogous HECT domain family of E3s.16 It plays a dual role in cancer,
exhibiting both oncogenic and tumor-suppressive functions. Induc-
tion of SMURF2 enhances tumor metastasis in a nude mouse model
and increases invasion and migration of breast cancer cells17 and in-
hibits apoptosis by promoting p53 degradation through stabilizing
the E3 ligase MDM2.18 In addition, high expression of SMURF2 is
related to poor prognosis in esophageal carcinomas.19 Conversely,
it has been reported that SMURF2�/� mice can develop various tu-
mors in different tissues and organs, including the liver, blood, lung,
pituitary gland, and Harderian gland.20 Moreover, heterozygous
SMURF2 mice (SMURF2+/�) are also prone to spontaneous tumor
development.21 These findings show that SMURF2 is a potent tumor
suppressor that prevents malignant transformation. Indeed, SMURF2
reduces aerobic glycolysis and CRC cell proliferation by promoting
ubiquitination and degradation of the glucose-responsive transcrip-
tion factor carbohydrate response element-binding protein
(ChREBP).22 In addition, SMURF2 acts as an E3 ubiquitin ligase
that promotes special AT-rich sequence-binding protein-1 (SATB1)
degradation by upregulating its ubiquitination. SMURF2 deficiency
promotes SATB1 target gene transcription and colon cancer cell pro-
liferation, migration, and tumorigenesis.23 Consistent with these ob-
servations, we found that SMURF2 functions as an E3 ligase of RhoA
to mediate RhoA ubiquitination and degradation, thereby inhibiting
CRC cell migration.

Angio-associated migratory cell protein (AAMP) was initially iso-
lated from a human melanoma cell line during a search for
motility-associated cell surface proteins in 1995.24 AAMP was found
to be ubiquitously expressed in different human cell lines.25 It con-
tains two important domains: theWD40 repeat domain, which medi-
ates protein-protein interactions, and a heparin-binding consensus
sequence, which mediates heparin-sensitive cell adhesion.24 There-
fore, AAMP may play a role in cell migration and adhesion. AAMP
performs its functions in numerous (patho)physiologic responses.
For example, AAMP can interact with TPa and TPb to promote
the migration of primary human coronary artery smooth muscle
cells.26 AAMP stimulates endothelial cell migration and angiogenesis
by activating RhoA/Rho kinase signaling.27 It was reported that
AAMP can directly bind to nucleotide binding oligomerization
domain containing-2 (NOD2) via WD40 repeats to regulate innate
immune responses.25 Notably, recent studies have revealed that
AAMP also plays an oncogenic role. AAMP was found to be overex-
pressed in gastrointestinal stromal tumors and breast cancer.28,29 Yin
et al. reported that high levels of AAMP transcripts were associated
with disease progression, metastasis, and poor prognosis in breast
cancer patients.29 Another report suggested that AAMP interacted
with EGFR and enhanced its phosphorylation, subsequently acti-
vating ERK1/2, which endowed non-small cell lung cancer (NSCLC)
cells with enhanced proliferation ability and resistance to chemother-
apies.30 This research team also found that AAMP interacted with cell
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division cycle 42 (CDC42) and enhanced CDC42 activation by im-
pairing the interaction of Rho GTPase-activating protein 1 (ARH-
GAP1) and CDC42, thereby promoting the migration and invasion
of NSCLC cells.31 However, the role of AAMP in CRC remains
unexplored.

In this study, we identified AAMP as a CRC-promoting protein and
found that its expression was strongly associated with poor clinical
outcomes in CRC patients. AAMP promoted CRC cell migration
and invasion both in vitro and in vivo. We further revealed RhoA
as a direct binding partner of AAMP. AAMP stabilized RhoA by pre-
venting its SMURF2-mediated ubiquitination and degradation,
thereby augmenting the activation of RhoA (GTP-RhoA) in CRC.
Our study establishes AAMP and RhoA as potential targets for the
development of new anti-CRC therapeutics.

RESULTS
AAMP is upregulated in human CRC and correlates with poor

clinical outcomes

To determine the clinical significance of AAMP in CRC, we analyzed
microarray datasets in the Oncomine database. As shown in Fig-
ure 1A, AAMPmessenger RNA (mRNA) levels were increased signif-
icantly in human CRC tissues compared with adjacent normal colon
tissues (p < 0.0001). To verify the microarray analysis results, we per-
formed quantitative reverse-transcription polymerase chain reaction
(qRT-PCR) experiments on human CRC specimens and their
matched normal tissues. AAMP mRNA was upregulated 1.1- to
5.7-fold in 10 tumor tissues compared with the matched normal tis-
sues (Figure 1B). Importantly, analysis on the Gene Expression
Profiling Interactive Analysis (GEPIA)32 website showed that
AAMP upregulation was associated with shortened patient overall
survival (OS) (p = 0.02) and disease-free survival (DFS) (p = 0.17)
times (Figures 1C and 1D).

We further assessed the AAMP protein level in a panel of human CRC
cell lines using the normal colon epithelial cell line NCM460 as a
nonmalignant control. AAMP expression was relatively high in the
CRC cell lines compared with NCM460 cells, with the highest expres-
sion in HCT116 cells (Figure 1E). To further explore the protein level
of AAMP in CRC patients, we performed immunohistochemical
(IHC) staining for AAMP in primary human tumors obtained from
a large cohort of CRC patients. A detailed description of the clinical
features of the CRC samples used in this study is provided in Table
S1. Among the specimens obtained from 101 patients, 79 biopsy spec-
imens contained both tumor and matched normal adjacent tissues,
whereas the other 22 had only tumor tissues. In the 79 matched sam-
ples, semiquantitative analysis showed markedly higher intensities of
AAMP staining in CRC than in adjacent normal tissues (Figures 1F
and 1G). Notably, as shown in Figure 1H, lymph node metastasis
was detected more frequently in patients whose tumor samples had
high AAMP expression levels (compared with low AAMP expression;
the percentages of positive lymph node metastases were 48.8% and
30.9%, respectively). The relationships between AAMP expression
and clinicopathologic features are shown in Table S2. The expression



Figure 1. Upregulation of AAMP in CRC and its correlation with poor clinical outcomes

(A) Analysis of Oncomine data showing the mRNA expression levels of AAMP in CRC tissues compared with normal tissues. Data were pooled from two datasets (Alon colon

and TCGA colorectal). Forty-four normal tissues and 141 cancer tissues were analyzed. Student’s t test; ****p < 0.0001. (B) Quantitative reverse-transcription polymerase

(legend continued on next page
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of AAMP was positively correlated with American Joint Committee
on Cancer stage and lymph nodemetastasis, although the correlations
were not statistically significant, with p values of 0.092 and 0.071,
respectively. Together, our results establish a positive correlation of
upregulated AAMP expression with CRC progression and poor
survival.

AAMP promotes CRC metastasis

To examine the biological function of AAMP in CRC, we generated
three small interfering RNAs (siRNAs), namely, human AAMP (h-
AAMP) siRNA1, 2, and 3. siRNA2 exhibited the highest knockdown
(KD) efficiency, followed by siRNA3 and 1 (Figures S1A and S1B).
We also developed a lentiviral short hairpin RNA (shRNA) targeting
the same RNA sequence as siRNA2, and its KD efficiency was verified
(Figures S1A and S1B). Mouse AAMP siRNAs and shRNA were
generated via the same strategy (Figure S1C). We then employed h-
AAMP siRNA2 and 3 in the AAMP-high colon cancer cell line
HCT116. As shown in Figures S2A and S2B, AAMP KD in
HCT116 cells had little effect on apoptosis, cell-cycle progression,
or the proliferation ability (Figure S2C).

We next assessed the role of AAMP in cell migration using Transwell
chamber assays. As shown in Figures 2A and 2B, AAMP shRNA
transfection reduced the migration of HCT116 (human colon cancer
cells; by 84.7%, p < 0.0001) and MC38 (mouse colon cancer cells; by
67.1%, p < 0.001) (compared with control shRNA [sh-control]-trans-
fected cells as controls). The impairment of migration induced by
AAMP KDwas further validated in LoVo cells. Wound healing assays
showed that healing of the open wound area was markedly attenuated
upon AAMP KD in LoVo cells (Figure S3A). Transwell chamber as-
says demonstrated that the number of migrated cells was reduced by
76.1% in AAMP KD LoVo cells compared with control LoVo cells
(p < 0.0001) (Figure S3B). We then examined the impact of AAMP
inactivation on CRC cell invasion using an independent assay with
Matrigel-coated Transwell chambers. Again, downregulation of
AAMP impeded the invasion of HCT116, MC38, and LoVo cells by
74.9% (p < 0.001), 57.9% (p < 0.0001), and 74.9% (p < 0.0001) (Fig-
ures 2C, 2D, and S3C). Conversely, AAMP overexpression
(OE) promoted HCT116 cell migration and invasion, with increases
of 4.6- and 2.5-fold after AAMPOE, respectively (Figures 2E and 2F).
These data were consistent with our finding that increased AAMP
expression was associated with more severe lymph node metastasis
in patients with human CRC (Figure 1H).

To verify the positive role of AAMP in CRC metastasis in vivo, we
performed in vivo imaging analysis to monitor the effect of AAMP
on tumor metastasis in nude mice injected with HCT116-luc cells
chain reaction (qRT-PCR) analysis of AAMPmRNA levels in 10 paired CRC samples and

between the tumor AAMP mRNA level and patient overall survival (OS) and disease-fre

0.02, n = 189, 188; DFS, p = 0.17, n = 189, 188). (E) Immunoblot showing different prot

cancer cell lines. (F) Immunohistochemical (IHC) staining of normal and CRC tissues wit

patient samples were stained and analyzed. (G) Semiquantitative analysis of AAMP IHC

test; ***p < 0.001; mean ± SEM. (H) Rates of negative and positive lymph node metast
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(luciferase-expressing stable cells). AAMP deficiency significantly
suppressed tumor cell metastasis to the lung (Figures 3A and 3B),
accompanied by a reduced number and size of metastatic nodules
and increased body weight (Figures 3C–3G).

We further analyzed the expression of AAMP in human CRC patient
metastases versus primary tumors via IHC staining of patient tissue
array samples (paired primary versus metastatic tissues from the
same patient). A detailed description of the clinical features of the pa-
tients from whom the metastasis samples used in this study were ob-
tained is provided in Table S3. Among the specimens obtained from
the 31 patients, 27 biopsy specimens contained both primary and
matched metastatic CRC tissues, whereas the other 4 had only pri-
mary CRC tissues. Among the 27 matched samples, we found signif-
icantly higher expression of AAMP in metastatic tissues than
in primary CRC tissues (p = 0.0431) (Figures 3H and 3I). Thus, our
data demonstrate a positive correlation between AAMP expression
and CRC metastasis.

AAMP regulates CRC cell morphology and EMT

To explore the mechanisms underlying the promotive effect of
AAMP on CRC metastasis, transcriptome sequencing (AAMP KD
versus AAMP control HCT116 cells) was conducted. GO analysis
showed that pathways associated with regulation of the cytoskeleton
and cell migration were significantly enriched (Figure 4A). Upon
AAMP KD or OE, we noted prominent morphological changes in co-
lon cancer cells. AAMP KD in HCT116 cells caused a pronounced
reduction in the cell area, with reduced F-actin elongation (p <
0.0001), whereas AAMP OE resulted in a significant increase in the
cell area, with outward F-actin elongation (p < 0.0001) (Figures 4B
and 4C). Cell shape is mainly controlled by the organization of the
cytoskeleton, which can be monitored by F-actin staining, and by
actomyosin-mediated cell contractility, which can be monitored by
assessing the phosphorylation of ERM (p-ERM).9 Cytoskeletal F-
actin staining with fluorescent phalloidin confirmed the morpholog-
ical changes in HCT116 cells upon AAMP KD and OE. In addition,
we examined the effect of altered AAMP expression on cell contrac-
tility by assessing the phosphorylation status of ERM via immunoblot
analysis. The results revealed a decrease in the amount of p-ERM
upon AAMP KD. In contrast, AAMP OE in HCT116 cells enhanced
ERM phosphorylation (Figure 4D).

Epithelial-mesenchymal transition (EMT) is a process by which
epithelial cells lose their polarity and cell-cell adhesion and undergo
cytoskeletal changes to gain migratory and invasive properties to ac-
quire a mesenchymal cell phenotype.33 Therefore, we further
explored the effect of AAMP on EMT in CRC cells. We found that
normal tissues (n = 3, mean ± SEM), ***p < 0.001. (C and D) Analysis of associations

e survival (DFS) times via the GEPIA website (http://gepia.cancer-pku.cn/; OS, p =

ein levels of AAMP in a normal colon mucosal epithelial cell line (NCM460) and colon

h an anti-AAMP antibody. Representative patient samples are shown. A total of 101

staining in 79 paired tumor/normal samples. IOD, integral optical density. Student’s t

asis status among CRC patients with low and high AAMP expression.

http://gepia.cancer-pku.cn/
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AAMP KD significantly increased the level of the epithelial marker E-
cadherin but decreased the levels of the mesenchymal marker N-cad-
herin and the EMT-inducing transcription factor Snail. Conversely,
AAMPOE increased the levels of N-cadherin and Snail but decreased
that of E-cadherin (Figure 4E).

Together, our data indicate that AAMP facilitates CRC metastasis by
remodeling the cytoskeleton and promoting cell contractility and
EMT.

AAMP increases the activity of RhoA by inhibiting its

degradation

RhoA can participate in the process of EMT and increase the phos-
phorylation of ERM to induce the assembly of the contractile actin
cortex and initiation of amoeboid-like migration.9,34 Notably, RhoA
was confirmed to promote colon cancer metastasis.10–12 Our results
also showed that inhibiting RhoA activity with CCG-1423 attenuated
the migration of HCT116 cells and RKO cells (Figures S4A and S4B).
It was previously reported that AAMP can accelerate endothelial cell
migration through increasing the activity of RhoA without a change
in the total RhoA level.27 Given these findings, we sought to deter-
mine whether AAMP affects RhoA in CRC cells. As shown in Fig-
ure 5A, the RhoA G-LISA activation assay indicated reduced RhoA
activity after AAMP KD (p = 0.0021). However, the total RhoA pro-
tein level was also reduced upon AAMP KD but increased upon
AAMP OE (Figures 5B and S4C), which indicated that AAMP may
promote CRC metastasis in a way different from the mechanisms re-
ported by others. Under the same conditions, the mRNA levels of
RhoA remained unchanged (Figure 5C), thus ruling out a transcrip-
tional regulatory mechanism. To further exclude the possibility that
AAMP might regulate the synthesis of the RhoA protein, we exam-
ined the changes in the RhoA protein level after AAMP KD in the
presence of the protein synthesis inhibitor cycloheximide (CHX) or
proteasome inhibitor MG132. We found that inhibition of protein
degradation withMG132 but not treatment with the protein synthesis
inhibitor CHX restored the RhoA protein level after AAMP KD (Fig-
ures 5D and 5E). To further determine whether AAMP affects the sta-
bility of RhoA, we added CHX to HCT116 and MC38 cells. RhoA
protein degradation was faster in the AAMP KD groups than in the
control groups (Figure 5F). Next, we reasoned that the reduction in
RhoA activity mediated by AAMP KD in CRC cells resulted from a
reduction in the total RhoA protein expression level. RhoA activity
was assayed again after AAMP KD in the presence of MG132. As ex-
pected, RhoA activity was restored by MG132 (Figure 5G).

To explore the biological significance of RhoA in the metastasis-pro-
moting function of AAMP, we examined the influence of RhoA KD
Figure 2. AAMP promotes colon cancer cell migration and invasion in vitro

(A) Transwell migration assay of HCT116 cells transfected with sh-control or sh-AAMP. (

(C) Transwell invasion assay of HCT116 cells transfected with sh-control or sh-AAMP. (D

Transwell migration assay of HCT116 cells transfected with Vector or OE-AAMP plasmid

plasmids. Student’s t test; ****p < 0.0001, ***p < 0.001, **p < 0.01; n = 5, mean ± SEM
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on the metastasis of AAMP-overexpressing HCT116 cells. As shown
in Figure 5H, RhoA KD significantly attenuated the migration and in-
vasion capacities of AAMPOE HCT116 cells. These data suggest that
AAMP promotes CRC metastasis at least partially through RhoA.

Collectively, our results show that AAMP promotes CRC metastasis
by increasing the level of active RhoA through regulating the degra-
dation of the RhoA protein.

AAMP exerts metastasis-promoting activity by binding to RhoA

and inhibiting its SMURF2-mediated ubiquitination and

degradation

To gain insights into how AAMP regulates RhoA in the acceleration
of CRC metastasis, we searched UbiBrowser (http://ubibrowser.
ncpsb.org.cn/ubibrowser/) to predict the E3 ubiquitin ligase that me-
diates the ubiquitination and degradation of RhoA. As shown in Fig-
ures 6A, 20 proteins were predicted to be E3 ligases for RhoA. We
then selected the top 3 proteins (NEDD4, NEDD4L, and SMURF2)
and further biochemically validated the endogenous interactions be-
tween RhoA and the predicted E3 ligases. Coimmunoprecipitation
(coIP) assays with an anti-RhoA antibody in HCT116 cells were per-
formed. We found that RhoA could not bind to NEDD4 or NEDD4L
(Figures S5A and S5B) but could bind to SMURF2 (Figure 6B).
Consistent with this finding, RhoA coenrichment was observed after
pull-down with an anti-SMURF2 antibody (Figure 6C). In addition,
SMURF2 KD reduced RhoA ubiquitination and increased the
amounts of both total and active RhoA protein (Figures 6D and
6E). These results indicate that SMURF2 can mediate RhoA ubiquiti-
nation and degradation as its E3 ligase.

To explore whether SMURF2 is involved in the regulation of RhoA by
AAMP, we simultaneously silenced AAMP and SMURF2 in HCT116
cells. MG132 (10 mM, 10 h) was used to accumulate ubiquitinated
proteins. We found that the increased RhoA ubiquitination and
decreased total RhoA expression levels resulting from AAMP KD
were restored to the control levels (Figure 6F). We further investi-
gated the impact of SMURF2 on CRC metastasis. In line with our hy-
pothesis, SMURF2 KD promoted HCT116 and MC38 cell migration
and invasion, as determined through Transwell chamber assays and
wound healing assays (Figures S5C–S5F). Given that the WD40 re-
peats of AAMP can mediate its protein-protein interactions, we
explored whether AAMP interacts with RhoA or SMURF2. CoIP re-
sults showed that AAMP bound to RhoA in HEK293T cells, as well as
in HCT116 and LoVo cells (Figures 6G and 6H). Notably, AAMP
could not interact with SMURF2 (Figure S5G). We next examined
the SMURF2-RhoA interaction and RhoA ubiquitination in
HCT116 cells transfected with AAMP siRNA. As shown in Figure 6I,
B) Transwell migration assay of MC38 cells transfected with sh-control or sh-AAMP.

) Transwell invasion assay of MC38 cells transfected with sh-control or sh-AAMP. (E)

s. (F) Transwell invasion assay of HCT116 cells transfected with Vector or OE-AAMP

. Scale bars, 50 mm.

http://ubibrowser.ncpsb.org.cn/ubibrowser/
http://ubibrowser.ncpsb.org.cn/ubibrowser/
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the binding of SMURF2 to RhoA and the ubiquitination of RhoA
decreased after AAMP KD, indicating that AAMP KD protected
RhoA from SMURF2-mediated ubiquitination and degradation.

Together, our findings suggest that AAMP and SMURF2 competi-
tively bind to RhoA, thereby inhibiting SMURF2-mediated ubiquiti-
nation and degradation of RhoA and ultimately promoting CRC
metastasis.

The expression of RhoA was positively correlated with that of

AAMP but negatively correlated with that of SMURF2

Given that AAMP can stabilize the RhoA protein by inhibiting its
SMURF2-mediated degradation, we proposed that the protein
expression levels of AAMP and RhoA would be positively correlated
but that those of SMURF2 and RhoA would be negatively correlated
in CRC. To test this hypothesis, we performed IHC staining in human
CRC samples, and representative images are shown in Figure 7A. In
line with our hypothesis, linear regression analysis of the IHC scores
in human CRC samples revealed a strong positive correlation between
AAMP and RhoA protein expression levels (R2 = 0.530, p = 0.016)
(Figure 7B), and a strong negative correlation between SMURF2
and RhoA protein expression levels (R2 = �0.578, p = 0.008)
(Figure 7C).

DISCUSSION
Despite developments in the prognosis and treatment of CRC, no sig-
nificant progress has been made in improving the survival of patients
with metastatic CRC. Thus, there is an urgent need for a better under-
standing of the biology of metastatic CRC. AAMP is a motility-asso-
ciated protein.24 Previous studies have demonstrated that AAMP can
stimulate the migration of endothelial cells and smooth muscle cells
as well as tumor cells such as breast cancer cells and NSCLC
cells.26,27,29,31 However, the role of AAMP in CRC metastasis has
not been studied. Interestingly, the mechanisms underlying the
metastasis-promoting function of AAMP in different cell types are
quite diverse. AAMP promotes the migration of endothelial cells by
activating RhoA without a change in the total RhoA protein level27;
smooth muscle cells by binding to TPa and TPb26; and NSCLC cells
by interacting with CDC42.31 Therefore, the mechanism by which
AAMP functions in CRC cells could be different from those previ-
ously reported. Indeed, we found that AAMP promoted CRC metas-
tasis by increasing the level of total RhoA protein, thus increasing the
level of active RhoA protein. More interestingly, we found that RhoA
activation was dependent on its reduced ubiquitination and degrada-
tion. Through our bioinformatic analysis and experimental verifica-
Figure 3. AAMP silencing inhibits colon cancer cell metastasis in vivo

(A) Representative luminescence images of metastases acquired with an IVIS imaging sy

vein injection at the fifth week (n = 6, 6). (B) Quantitative analysis of fluorescence intensi

0.001; n = 6, mean ± SEM. (C) Representative images of lung metastases. The red arro

metastases. The red arrows indicate the metastatic nodules. Scale bars, 200 mm. (E) Th

mean ± SEM. (F) The size of metastatic nodules in the lung. (G) Body weight change. St

images in paired primary CRC and metastatic tissues from CRC patients (n = 27). (I) St

same patient). Student’s t test; *p < 0.05; n = 27, mean ± SEM. IVIS, in vivo imaging s
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tion approaches, we report that AAMP promotes CRC metastasis
by competitively binding to RhoA and inhibiting its degradation
mediated by SMURF2 (an E3 ligase for RhoA), thereby increasing
the level of active RhoA.

Our study provides experimental evidence that AAMP is obviously
overexpressed in CRC primary tumors and particularly in CRC me-
tastases. Reduced OS and DFS times were observed in patients with
high AAMP expression compared with those with low AAMP expres-
sion. Our results also suggested that AAMP is related to metastasis in
CRC patients and can be considered a clinical prognostic biomarker
in CRC. Consistent with these findings, we confirmed that AAMP
enhanced the migration and invasion of colon cancer cells in vitro
and in vivo and found that AAMP regulated colon cancer cell
morphology (cytoskeletal organization and cell contractility) and
EMT.

Cells are remarkably flexible in their migration behavior, adapting
rapidly to changing cues in their environment to change their shape.
Tumor cells can adopt a mesenchymal migration mode with an elon-
gated cell shape or display ameboid/blebbing motility with a rounded
cell morphology during metastasis.35 GTPase and ROCK signaling
have been established as central players in regulating the transition
between mesenchymal and ameboid motility.36 To investigate the
mechanism by which AAMP is involved in the regulation of colon
cancer cell shape, we first focused on RhoA, as the RhoA subfamily
is one of the most-studied subfamilies of GTPases, and its members
have been reported to exert oncogenic effects in many cancers,
including CRC.10,11,37,38 Moreover, it was demonstrated that AAMP
can increase the level of activated RhoA protein without altering
the total RhoA protein level to promote endothelial cell migration
and angiogenesis,27 but the underlying mechanism is not understood.
In contrast, we reported that AAMP can protect RhoA from ubiqui-
tination and degradation to increase the levels of total and active
RhoA protein, thereby facilitating CRC metastasis.

We further explored how AAMP regulates RhoA ubiquitination and
degradation. Since no E3 ligase has been reported to mediate RhoA
ubiquitination and degradation in CRC, we first predicted the E3
ligase for RhoA with UbiBrowser, which is a resource for known
and predicted human ubiquitin ligase (E3)-substrate interaction net-
works. After verification by coIP, we found that among the top 3
(NEDD4, NEDD4L, and SMURF2) predicted E3 ligases, only
SMURF2 can bind to RhoA and mediate RhoA ubiquitination and
degradation. Indeed, SMURF2 was reported to hinder CRC
stem. Luminescence imaging in nude mice inoculated with colon cancer cells via tail

ty showing metastases in the control and AAMP KD groups. Student’s t test; ***p <

ws indicate the metastatic nodules. (D) Representative H&E staining images of lung

e number of metastatic nodules in the lung. Student’s t test; ****p < 0.0001; n = 6,

udent’s t test; *p < 0.05; n = 6, mean ± SEM. (H) Representative AAMP IHC staining

atistical analysis of paired patient samples (primary versus metastatic tissues in the

ystem.



Figure 4. AAMP regulates colon cancer cell

morphology and EMT

(A) Transcriptome sequencing of control and AAMP KD

HCT116 cells was performed, and a GO Circos plot was

generated through analysis in R. (B) Representative im-

ages of changes in the morphology of HCT116 cells upon

AAMP KD (left). Red represents phalloidin (F-actin) and

blue represents DAPI (nucleus). Quantification of the of

HCT116 cell area upon AAMP KD (right). Student’s t test;

****p < 0.0001. (C) Representative images of changes in

the morphology of HCT116 cells upon AAMP OE (left).

Red represents phalloidin (F-actin) and blue represents

DAPI (nucleus). Quantification of the HCT116 cell area

upon AAMPOE (right). Student’s t test; ****p < 0.0001. (D)

Immunoblot analysis of AAMPandp-ERM inHCT116cells

transfectedwith si-control, si-AAMP,Vector, orOE-AAMP

OE plasmids. (E) Immunoblot analysis of AAMP, N-cad-

herin, E-cadherin, and Snail in HCT116 cells transfected

with si-control, si-AAMP, Vector, or OE-AAMP OE plas-

mids. KD, knockdown; OE, overexpression.
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promotion by promoting the ubiquitination and degradation of
ChREBP and SATB1.22,23 Consistent with these observations, we
found that SMURF2 inhibits CRC cell migration and invasion. As
AAMP often functions through protein-protein interactions, we
sought to determine whether AAMP can bind to RhoA or SMURF2.
Interestingly, we found that AAMP bound to RhoA and suppressed
the SMURF2-RhoA interaction and RhoA ubiquitination and degra-
dation, which accelerated CRC metastasis. Therefore, our
Molecular The
results revealed a vital role of the AAMP-
SMURF2-RhoA signaling pathway in CRC
metastasis.

Since Rho GTPase pathways regulate the
dissemination of malignant cells, key compo-
nents in these pathways are attractive targets
for therapeutic intervention. However, all mem-
bers of the small GTPase superfamily are gener-
ally considered to be undruggable, as they lack
stable cavities in addition to nucleotide binding
pockets.8 Beneficial effects of ROCK (an Rho
downstream kinase effector) inhibitors, such
as Y27632 and fasudil, have been observed in
many types of cancers.39,40 However, targeting
ROCK is accompanied by contraction of blood
vessels and a high likelihood of inducing hypo-
tension.39 As the poor pharmacokinetics and
specificity of inhibitors targeting Rho GTPases
or their downstream effector ROCK severely
limit the opportunity for clinical development
of these agents, we could focus on the upstream
regulator of Rho GTPases. Here, we found that
AAMP bound to RhoA and disrupted
SMURF2-mediated RhoA ubiquitination and degradation. Thus,
blocking the AAMP-RhoA interaction or activating SMURF2 could
be a promising strategy to inhibit CRC metastasis.

In addition to the observation that AAMP is involved in the regula-
tion of CRC cell migration and invasion, our transcriptome
sequencing data revealed that AAMP might also regulate drug trans-
port and participate in drug resistance (Figure 4A). Indeed, we found
rapy: Oncolytics Vol. 23 December 2021 523
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that AAMP KD significantly increased the sensitivity of CRC cells to
SN38, the active metabolite of irinotecan that is often used to treat
CRC (Figures S6A and S6B). In contrast, AAMP OE reduced SN38
sensitivity (Figures S6C and S6D). These results were in line with a
previous report that demonstrated that AAMP promoted drug (icoti-
nib and doxorubicin) resistance in NSCLC cells.30 In addition, the
metabolic states of cancer cells determine their fates in nutrient-
poor environments.41 AAMP KD further disrupted metabolic path-
ways involved in cancer progression (data not shown). Therefore,
our data suggest a multifaceted function of AAMP in regulating
drug resistance and metabolism in CRC, and the mechanisms under-
lying this function will be further investigated in follow-up studies in
the near future.

In summary, we discover the role of AAMP in CRC and identify
SMURF2 as an E3 ligase for RhoA ubiquitination and degradation.
Our study revealed that AAMP facilitates CRC metastasis by modu-
lating RhoA-associated signaling pathways. AAMP prevents RhoA
from binding to SMURF2, protects RhoA from SMURF2-mediated
ubiquitination and degradation and subsequently induces robust
RhoA activity to promote ameboid (bleb) migration (Figure 8).
Hence, therapeutic interventions that disrupt the functional inter-
play between AAMP and RhoA or activate SMURF2 might provide
promising strategies to treat CRC. However, the binding sites by
which AAMP or SMURF2 interact with RhoA are still unclear
and need to be studied. In addition, whether other mechanisms in
addition to the AAMP-SMURF2-RhoA pathway also participate
in the CRC metastasis-promoting effect of AAMP remains to be
further explored.

MATERIALS AND METHODS
Patient samples and IHC assays

This study was approved by the Sir Run Run Shaw Hospital and Zhe-
jiang University Ethics Committee. For analysis of AAMP mRNA
levels in human CRC and adjacent normal colon tissues, 10 pairs of
samples were obtained during surgery at Sir Run Run Shaw Hospital.
To assess the correlations between the AAMP and RhoA and the
RhoA and SMURF2 IHC scores, 14 fresh samples of human CRC tis-
sue were obtained during surgery at Sir Run Run Shaw Hospital. To
assess the correlations between AAMP IHC scores and clinical char-
acteristics of patients with CRC, 180-spot, paraffin-embedded tissue
array chips (HColA180Su15), including 79 paired CRC and normal
tissues and 22 tumor tissues obtained from patients with 8–9 years
of follow-up information, were purchased from Shanghai Outdo
Figure 5. AAMP inhibits degradation and increases the levels of total and activ

(A) RhoA activity in control and AAMPKDHCT116 cells. Student’s t test; **p < 0.01; n = 3

control or si-AAMP. (C) qRT-PCR analysis of RhoAmRNA expression in HCT116 andMC

n = 3, mean ± SEM. (D) Immunoblot analysis of AAMP and RhoA in HCT116 cells aft

Immunoblot analysis of AAMP and RhoA in MC38 cells after treatment with CHX (10 m

HCT116 or MC38 cells treated with CHX (10 mg/mL) at the indicated time points. Den

AAMP KD HCT116 cells treated with MG132 (10 mM, 3 h). Student’s t test; NS, no sig

assay of HCT116 cells transfected with Vector + si-control, OE-AAMP + si-control, or O

mean ± SEM.
Biotech (Shanghai, China). Detailed clinical features of the CRC sam-
ples are summarized in Tables S1 and S2. To compare AAMP protein
levels between primary and metastatic tissues of CRC, 75-spot,
paraffin-embedded tissue array chips (HLin-Ade075Met-01)—
including 15 paired primary, metastatic tumor and normal tissues,
12 paired primary and metastatic tumor tissues, and 4 metastatic tu-
mor tissues (2 tissues were lost)—were also purchased from Shanghai
Outdo Biotech.

For the samples from Sir Run Run Shaw Hospital, IHC scores were
calculated as the IHC staining intensity scores multiplied by the
staining area scores. The staining intensity was divided into four
levels: 0 indicated negative staining, 1 indicated weakly positive
staining, 2 indicated moderately positive staining, and 3 indicated
strongly positive staining. The staining area was divided into five
levels: 0 indicated no staining, 1 indicated a positive staining area
of 1%–25%, 2 indicated a positive staining area of 26%–50%, 3 indi-
cated a positive staining area of 51%–75%, and 4 indicated a positive
staining area of 76%–100%. For samples from Shanghai Outdo
Biotech, IHC scores were calculated as the IHC staining intensity
multiplied by the positive staining rate. The staining intensity was
divided into four levels: 0 indicated negative staining, 0.5 indicated
weakly positive staining, 1 indicated moderately positive staining,
and 2 indicated strongly positive staining. The positive staining
rate was the ratio of the number of positive cells to the total number
of cells.

For large-scale data analysis of the AAMP mRNA level in CRC and
normal colon tissues, data were obtained from the Oncomine data-
base. For survival analysis of patients with CRC, data were obtained
from the GEPIA website.

Cell lines

HEK293T cell line, NCM460 cell, human colon cancer cell lines
HCT116, HT29, LoVo, SW480, SW620, SW48, and RKO, and mouse
colon cancer cell line MC38, were purchased from the Chinese Acad-
emy of Sciences (Shanghai, China). NCM460, LoVo, SW480, SW620,
and RKO cells were cultured in RPMI 1640 medium (Gibco, USA);
HEK293T, MC38, HT29, and SW48 cells were cultured in DMEM
with high glucose (Gibco); HCT116 cells were cultured in McCoy’s
5A medium (Gibco). All above media contained 10% fetal bovine
serum (FBS, Gibco). All cell lines were cultured in a 37�C humidified
incubator with a mixture of 95% air and 5% CO2. All cell lines were
tested for mycoplasma contamination.
e RhoA in colon cancer cells

, mean ± SEM. (B) Immunoblot analysis of RhoA in HCT116 cells transfected with si-

38 cells transfected with si-control or si-AAMP. Student’s t test; NS, no significance;

er treatment with cycloheximide (CHX) (10 mg/mL, 3 h) or MG132 (10 mM, 3 h). (E)

g/mL, 3 h) or MG132 (10 mM, 3 h). (F) Immunoblot analysis of AAMP and RhoA in

sitometric analysis results are shown on the right. (G) RhoA activity in control and

nificance; n = 3, mean ± SEM. (H) Transwell migration assays (upper) and invasion

E-AAMP + si-RhoA. Student’s t test; **p < 0.01, ***p < 0.001, NS, no significance;
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Figure 6. AAMP binds to RhoA and inhibits its SMURF2-mediated ubiquitination and degradation

(A) E3 ubiquitin ligases of RhoA were predicted with UbiBrowser (http://ubibrowser.ncpsb.org.cn/ubibrowser/). (B and C) Co-IP and immunoblot analysis of HCT116 cell

extracts with the indicated antibodies. IP was performed with IgG as a negative control. (D) Ubiquitination of RhoA, total RhoA levels, and SMURF2 levels were assayed in

HCT116 cells transfected with si-control or si-SMURF2. Cells were treated with MG132 (10 mM) for 10 h before harvesting. (E) Activity of RhoA in HCT116 cells transfected

with si-control or si-SMURF2. Student’s t test; ***p < 0.001; n = 3, mean ± SEM. (F) Ubiquitination of RhoA, total RhoA levels, and SMURF2 levels were assayed in HCT116

cells transfected with si-control, si-AAMP, or si-AAMP + si-SMURF2. Cells were treated with MG132 (10 mM) for 10 h before harvesting. (G) Co-IP and immunoblot analysis of

HEK293T cell extracts with the indicated antibodies. (H) Co-IP and immunoblot analysis of HEK293T, HCT116, or LoVo cell extracts with the indicated antibodies. (I)

Ubiquitination of RhoA and the interaction between RhoA and SMURF2 were assayed in control and AAMP KD HCT116 cells.
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Mouse model of lung metastasis

Animal experiments were approved by the Animal Care and Use
Committee of Zhejiang University. Male nude mice, 4–6 weeks old,
were purchased from Shanghai SLAC Laboratory Animal (Shanghai,
China). Luciferase-expressing HCT116 cells transduced with lenti-
virus-expressing sh-control or sh-AAMP (1 � 106 cells/mouse) were
injected via the tail vein. D-Luciferin (15mg/mL, 150mg/kg) obtained
from Meilunbio (Dalian, China) was injected intraperitoneally into
526 Molecular Therapy: Oncolytics Vol. 23 December 2021
mice 15 min before imaging. Metastasis was monitored by biolumi-
nescence imaging using the IVIS imaging system (PerkinElmer,
USA). Endpoint assays were conducted 8 weeks after inoculation.
Reagents and antibodies

Cycloheximide was purchased from Beyotime Biotechnology (Hang-
zhou, China). MG132 was purchased from Sigma-Aldrich (USA).

http://ubibrowser.ncpsb.org.cn/ubibrowser/


Figure 7. Correlations between RhoA and AAMP expression and between RhoA and SMURF2 expression

(A) IHC staining of human CRC tissues with anti-RhoA, anti-AAMP or anti-SMURF2 antibodies. Representative patient samples are shown. A total of 14 patient samples were

stained and analyzed. “P” is for patient and the number is for the order in which they appear in the figures. (B) Linear regression analysis of RhoA and AAMP IHC scores. (C)

Linear regression analysis of RhoA and SMURF2 IHC scores. IHC score: staining area � staining intensity.
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Rhodamine phalloidin was purchased from Cytoskeleton (USA). A
G-LISA RhoA Activation Assay Biochem Kit was purchased from
Cytoskeleton. Antibodies against AAMP (used for western blot
[WB]) and RhoA (used for WB and IHC staining) were purchased
from Acbam. Antibodies against b-actin, p-ERM, N-cadherin, E-cad-
herin, Snail, Ubiquitin, NEDD4, NEDD4L, and SMURF2 were ob-
tained from Cell Signal Technology. Antibody against AAMP (used
for IHC staining) was obtained from GeneTex. Antibody against
RhoA (used for IP) was purchased from Santa Cruz Biotechnology.
qRT-PCR

Total RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA)
reagent. cDNA was generated from 1,000 ng of total RNA using
PrimeScript RT reagent (Takara, Japan). Real-time qPCR was per-
formed using a SYBR Premix Ex Taq II (Takara, Japan). The 2�DDCt

method was used to calculate the relative amounts of the target
RNAs. The primer sequences used in this study are as follows: hu-
man b-actin: forward primer 50-ACTCTTCCAGCCTTCCTTCC-30,
reverse primer 50-CGTCATACTCCTGCTTGCTG-30; mouse
b-actin: forward primer 50-AGAGGGAAATCGTGCGTGAC-30,
reverse primer 50-CAATAGTGATGACCTGGCCGT-30; human
AAMP: forward primer 50-CTTTGCATTGCACTCAGCAT-30,
reverse primer 50-GCTGAAACCAGCACAAGTCA-30; mouse
AAMP: forward primer 50-AGTGGATCGGTAGCTTTCGC-30,
reverse primer 50-AGATCATCTGCCGGGTCC-30; human RhoA:
forward primer 50-GAGCACACAAGGCGGGAG-30, reverse primer
50-TGCCATATCTCTGCCTTCTTCA-30; mouse RhoA: forward
primer 50-AGCTTGTGGTAAGACATGCTTG-30, reverse primer
50-GTGTCCCATAAAGCCAACTCTAC-30; human SMURF2: for-
ward primer 50-GGCAATGCCATTCTACAGATACT-30, reverse
primer 50-CAACCGAGAAATCCAGCACCT-30; mouse SMURF2:
forward primer 50-AAACAGTTGCTTGGGAAGTCA-30, reverse
primer 50-TGCTCAACACAGAAGGTATGGT-30.

F-Actin staining

Cells were cultured in glass-bottom dishes in complete medium. Cells
were then fixed with 4% paraformaldehyde solution at room temper-
ature for 10 min and permeabilized at room temperature with 0.5%
Triton X-100 for 5 min. Subsequently, cells were incubated in rhoda-
mine phalloidin (200 nM) for 30 min at 4�C. Cells were then washed
three times with PBS and incubated with DAPI. Samples were then
visualized using a Nikon A1 microscope, and cell areas were analyzed
via a high content cell imaging analysis system.

Transwell assay

For the migration assay, cell culture inserts with an 8-mm pore size
were used directly. For the invasion assay, 25 mL ofMatrigel (Corning,
USA) was mixed with 1 mL of serum-free culture medium; 100 mL of
Molecular Therapy: Oncolytics Vol. 23 December 2021 527
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Figure 8. Proposed model showing the mechanism

by which AAMP promotes CRC cell metastasis

AAMP stabilizes RhoA by inhibiting the interaction be-

tween RhoA and SMURF2 and the subsequent

SMURF2-mediated ubiquitination and degradation of

RhoA, thereby promoting phosphorylation of ERM,

ameboid (bleb) migration, and CRC metastasis. AAMP

deficiency results in dissociation of RhoA from SMURF2

and results in ubiquitination and degradation of RhoA,

which inhibits ameboid (bleb) migration and CRC

metastasis.
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the mixture was added to the bottom of inserts and incubated at 37�C
for 1 h.

Cells were harvested and resuspended at 1 � 106 cells/mL in FBS-free
culture medium. A 200 mL volume of the cell suspension was added to
the upper chambers containing the cell culture inserts. Then, 600 mL of
culturemedium containing 10% FBS was added to the lower chambers.
After 24 h, cell migration or invasion was assessed. Cells on the top sur-
face of the inserts were removed with a cotton swab. Cells on the bot-
tom surface of the inserts were fixed with 4% paraformaldehyde for
5 min at room temperature and then washed with PBS. Migrated or
invaded cells were stained with 0.05% crystal violet in distilled water
for 30 min or with DAPI for 10 min. After two washes with PBS,
migrated or invaded cells were visualized and photographed.

Wound healing assay

Cells were plated and cultured in six-well plates to 100% confluence.
Wounds were made in the confluent cell layer by making a vertical
scratch in each wells. Marker lines were made in the horizontal direc-
tion. Cell migration was assessed every 24 h.
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Immunoprecipitation assay

Cells were lysed in lysis buffer containing 10 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 0.5 mM
EDTA, 0.5% NP40, 0.09% NaN3, 20 nM NaF,
1 mM Na3VO4, 10 mM PMSF, and a protease
and phosphatase inhibitor cocktail. Lysates
were incubated with anti-flag M2 magnetic beads
(Sigma, USA) overnight at 4�C. Alternatively, ly-
sates were immunoprecipitated with the indi-
cated antibody for 4 h at 4�C. Then, samples
were incubated with protein A/G Sepharose
beads (GE Healthcare) overnight at 4�C. After
washing three times with wash buffer containing
10 mM Tris-HCl (pH 7.5), 150 mM NaCl,
0.5 mM EDTA, 0.5% NP40, and 0.018% NaN3,
2� SDS loading buffer was added. Then, the sam-
ples were boiled, and immunoblot analyses were
performed.

RNA interference, plasmid construction, and

transfections

Cells were transfected with siRNA using
RNAiMAX (Thermo Fisher Scientific) accord-
ing to the manufacturer’s protocol. siRNAs were purchased
from RiboBio (Guangzhou, China), and the target sequences
are as follows: h-AAMP-siRNA no. 1: 50-GGAGGTCTGGTCC
TTTGAA-30; h-AAMP-siRNA no. 2: 50-GTGCTGGTTTCAGC
CATGA-30; h-AAMP-siRNA no. 3: 50-CGCAGACTCTTAGG
CATCA-30; m-AAMP-siRNA no. 1: 50-GCTGTGGTGTACAC
CTGTA-30; m-AAMP-siRNA no. 2: 50-GCAGGTAGACACCAA
GGAA-30; m-AAMP-siRNA no. 3: 50-GGGAGGAGAGTGAGTC
TAA-30; h-SMURF2-siRNA no. 1: 50-CACTCCAATTAGTGGA
ACA-30; h-SMURF2-siRNA no. 2: 50-ACAGCAAGTGGTATCG
TTA-30; h-SMURF2-siRNA no. 3: 50-GTCAGGTCACAACGAC
ATA-30; m-SMURF2-siRNA: 50-GTGCCATTCTACAGATACT
TT-30; h-RhoA-siRNA no. 1: 50-GAAGGATCTTCGGAATG
AT-30; h-RhoA-siRNA no. 2: 50-GACCAAAGATGGAGTGAGA-30;
h-RhoA-siRNA no. 3: 50-AGAACTATGTGGCAGATAT-30.

Cells were transfected with plasmids with jetPRIME purchased from
Polyplus (USA) according to the manufacturer’s protocol. The plas-
mids used in this study were purchased from WZ Biosciences (Shan-
dong, China).
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Statistical analysis

Unless otherwise noted, quantitative data are presented as the mean ±
standard error values. Data were analyzed with Student’s t test (*p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). p < 0.05 was considered
to indicate a significant difference.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omto.2021.11.007.
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