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Abstract 

Background  Ladinin-1 (LAD1), an anchoring filament protein, has been associated with several cancer types, includ-
ing cancers of the colon, lungs, and breast. However, it is still unclear how and why LAD1 causes gastric cancer (GC).

Methods  Multiple in vitro and in vivo, functional gains and loss experiments were carried out in the current study 
to confirm the function of LAD1. Mass spectrometry was used to find the proteins that interact with LAD1. Immuno-
precipitation analyses revealed the mechanism of LAD1 involved in promoting aggressiveness.

Results  The results revealed that the LAD1 was overexpressed in GC tissues, and participants with increased LAD1 
expression exhibited poorer disease-free survival (DFS) and overall survival (OS). Functionally, LAD1 promotes cellular 
invasion, migration, proliferation, and chemoresistance in vivo and in vitro in the subcutaneous patient-and cell-
derived xenograft (PDX and CDX) tumor models. Mechanistically, LAD1 competitively bound to Vimentin, preventing 
it from interacting with the E3 ubiquitin ligase macrophage erythroblast attacher (MAEA), which led to a reduction 
in K48-linked ubiquitination of Vimentin and an increase in Vimentin protein levels in GC cells.

Conclusions  In conclusion, the current investigation indicated that LAD1 has been predicted as a possible prognos-
tic biomarker and therapeutic target for GC due to its ability to suppress Vimentin–MAEA interaction.
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Introduction
Gastric cancer (GC) is the fifth most common cancer 
in the world and the third main cause of cancer-related 
deaths [1]. The prognosis for GC has substantially 
improved as a result of the emergence of numerous 
therapy options [2, 3], although the principal therapies 
are still radical surgery and chemotherapy. Cancer recur-
rence and treatment resistance continue to be among the 
leading causes of death in GC patients. Understanding 
the mechanism of chemoresistance is critically necessary 
to provide novel treatment targets.

As a member of the ankyrin family and a constituent 
of the dermal-epidermal junction membrane, LAD1 is a 
gene that encodes a collagen-anchored silk protein of the 
basal layer [4–7]. It can be found in the cell membrane, 
cytoplasm, and cytoskeleton and has been detected 
in various tissues of the gastrointestinal tract, kidney, 
prostate, placenta, and hematopoietic stem cells [8–10]. 
LAD1 gene variants have been associated with linear 
IgA disease, an autoimmune vesicular disease [11]. It 
can form the cytoskeleton of breast cancer by interacting 
with actin cross-linking proteins and mediating cancer 
cell migration and proliferation via the EGF/ERK path-
way [10]. Furthermore, it is highly expressed in colorec-
tal cancer metastatic tissues, and its expression is closely 
associated with prognosis, proliferation, and metastasis 
[8]. LAD1 may promote tumor cell malignancy and play 
an important role in tumor onset, development, and per-
sistence when present.

Vimentin is a type III intermediate filament protein 
that is essential for the epithelial-mesenchymal transition 
(EMT). When the expression of Vimentin is increased 
and the expression of E-cadherin is decreased in epi-
thelial cells, cells undergo EMT [12]. Vimentin helps 
tumor cells break out from carcinoma in situ and invade 
blood or lymph arteries, thereby providing them with 
the potential for proliferation [13, 14]. Extensive study 
has proven an association between vimentin and tumor 
invasion and metastasis [15]. Furthermore, research has 
shown that tumors acquire drug resistance by acquiring 
tumor cell stemness during the EMT process [4, 16, 17]. 
As a result, Vimentin protein therapy could become a 
viable option for the treatment of cancerous growths.

The activity of the ubiquitination system is regulated 
by the E3 ubiquitin ligases, which are responsible for the 
precise identification of target proteins [18, 19]. A wide 
range of developmental abnormalities, malignancies, and 
neurological diseases may result from defective ubiquit-
ination, which is frequently caused by mutations in the 
genes that make E3 ubiquitin ligases or deubiquitinases 
or incorrect expression [20]. Considering that ubiquit-
inates are responsible for cancer, neurological disorders, 
and developmental difficulties, regulating their activity 

may provide possibilities for therapy [21]. The E3 ubiqui-
tin ligase MAEA (macrophage erythroblast attacher, E3 
Ubiquitin Ligase) functions to suppress cytokine recep-
tor signaling through autophagy and maintain the func-
tion of hematopoietic stem cells. In vivo, studies in mice 
have shown that MAEA is produced by macrophages but 
not erythroblasts, with the latter assisting to maintain the 
erythroblast islands in adult mice’s bone marrow [22]. 
Therefore, we proposed that MAEA plays a crucial part 
in regulating cell stemness. Its importance in malignan-
cies is yet unknown, and further research is needed to 
fully understand its function in tumor cell stemness.

In the current work, we explored the relationship 
between LAD1 expression and clinicopathological 
characteristics as well as overall survival (OS) in GC. 
Additionally, we used in  vitro analysis to examine its 
molecular function in the development of cancer. LAD1 
has the potential to be used as a therapeutic target and 
prognostic biomarker in GC since it inhibits the interac-
tion between Vimentin and MAEA.

Materials and methods
Patients and tissue samples
We acquired 168 primary cancer tissue samples from Sun 
Yat-Sen University, Sixth Affiliated Hospital in Guang-
zhou, China, between December 2007 and March 2012, 
for our earlier studies [23–25]. The same results and clin-
icopathological features were obtained when we used 
these samples to construct tissue microarrays (TMAs) 
for immunohistochemistry (IHC) analysis. To examine 
the expression of the LAD1 protein, we also acquired 
eight matched sets of fresh GCs and their neighboring 
normal tissues.

Immunohistochemistry
IHC staining was processed by the biotin-streptavidin 
horseradish peroxidase (HRP) detection system (ZSGB 
Bio, China) as described in a previous investigation [23]. 
Antibodies used in IHC were as followed: Vimentin 
(10366-1-AP, Proteintech, China, 400), MAEA (28363-1-
AP, Proteintech, China, 1:400), and LAD1 (16136-1-AP, 
Proteintech, China, 1:800).

Cell lines and culture
Similar to our previous study, the Type Culture Col-
lection Cell Bank of the Chinese Academy of Sciences 
Committee (Shanghai, China) supplied four cell lines 
(HGC27, AGS, MKN45, NUGC3) and one human nor-
mal gastric mucosal cell (GES1). The RPMI 1640 (Corn-
ing, USA) medium was used for the cultivation of all cell 
lines. 10% fetal bovine (Gibco, USA) serum was added to 
every medium. Humidified air containing 5% CO2 was 
utilized for growing the cells at 37 °C.
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Wound healing, invasion, and migration assay
A total of 4 × 104 cells were spread in the cell scratch 
experiment mold of a 12-well plate. After 12 h of culture, 
we removed the mold and added an RPMI-1640 medium 
containing 1% FBS. After that, we used Incucyte Zoom to 
take pictures of the scratch area every hour to track cell 
migration and scratch closure. The migration and inva-
sion assays were carried out following our prior study’s 
protocol, whereas the wound healing assay was carried 
out in a similar way [23].

Plasmid construction and transfection
The full-length open reading frame (ORF) of LAD1 
(NM_005558.4) was used to generate a PCR amplicon, 
which was then cloned into the HA-tagged pCDH-CMV-
MCS-EF1-CopGFP-T2A-Puro (PCDH) vector. Using the 
same strategy, MAEA (NM_001017405.3) and Vimentin 
(NM_003380.5) plasmids were cloned into pCDNA3.1 
harboring either an MYC-tag or a Flag-tag. Plasmids of 
Ub-K63 and Ub-K48 with an HA-tag were purchased 
from Addgene. The shRNA of LAD1 was purchased from 
Genepharma (Shanghai, China). LAD1 target sequences 
included: ShRNA-1, 5-GCC​TCA​GAG​AAG​ACA​TCT​CTA-
3; ShRNA-2, 5-CTT​TCG​GAT​GAA​ACC​CAA​GAAA-3.  
Lentivirus infection was used to generate stable cell lines, 
and the transient infection method was the same as in the 
previously reported study [23].

RNA extraction and qRT‑PCR
RNA extraction was obtained using the kits according 
to the instruction (EZB-RN4, EZBioscience, China), and 
the RNA was reversed to cDNA by using the kits (EZB-
RT2GQ, EZBioscience, China). The following qRT-PCR 
was performed as previously reported [23, 24].

The primers used in the study were as follows: GAPDH, 
5-GAC​AGT​CAG​CCG​CAT​CTT​CTT-3 (forward) and 5-A 
AT​CCG​TTG​ACT​CCG​ACC​TTC-3 (reverse); LAD1, 5-AA 
A​GCA​GGA​AAA​GCG​ACC​ACT-3 (forward) and 5-CGG​
AGT​TTA​TTT​AGG​CGC​TCTT-3 (reverse); Vimentin, 5-A 
GT​CCA​CTG​AGT​ACC​GGA​GAC-3 (forward) and 5-CAT​
TTC​ACG​CAT​CTG​GCG​TTC-3 (reverse); MAEA, 5-GAG​
ACT​GGA​CGC​TGT​GAG​AC-3 (forward) and 5-AGG​TCC​
TTG​TAC​GGG​GAG​ATG-3 (reverse).

Western blot analysis
The protein was extracted using RIPA buffer from 
Service-Bio in Wuhan, China, which also contains 
phosphatase and protease inhibitors, and the protein 
concentration was assessed using a BCA kit from the 
same company. The ensuing steps were the same as those 
in our earlier investigation. The incubated antibodies 
include LAD1 (16136-1-AP, Proteintech, China, 1:1000), 

GAPDH (60004-1-Ig, Proteintech, China, 1:1000), 
Vimentin (10366-1-AP, Proteintech, China, 1:1000), 
MAEA (28363-1-AP, Proteintech, China, 1:1000), HA-
tag (66006-2-Ig, Proteintech, China, 1:1000), Flag (F1804, 
Sigma, China, 1:1000), 6×His (10001-0-AP, Proteintech, 
China, 1:1000), and Myc-tag (60003-2-Ig, Proteintech, 
China, 1:1000).

Colony growth assay
For 3 days, the medium was changed after 600 cells had 
been seeded in a 6-well plate. Cells were seeded at a den-
sity of 2 × 104 per well on a 6-well plate, and after 24 h, the 
medium was changed with or without Oxaliplatin (OXA, 
TargetMol, Shanghai, China). After being cultured for 
10–14 days, the cells were fixed in 4% paraformaldehyde 
and stained with crystal violet. Images of the cells taken 
using a microscope were processed in Image J using an 
Olympus camera (Tokyo, Japan). For 3D colony forma-
tion, 2000 single cells were seeded in 200 µL of culture 
medium in an ultra-low attachment microplate (7007; 
Corning, USA) and cultured for 12 days, with medium 
changes occurring every 3 days with or without OXA. 
During this time, the tumor spheres were photographed 
every 4  h using an Incucyte Zoom, and their volumes 
were calculated (Volume = 4/3πR3).

Cell proliferation assay
In a 96-well plate, 2 × 103 cells were seeded, and after 
24 h, the medium was changed with or without OXA, the 
confluence was photographed using an Incucyte Zoom 
every 2 to 4 h, and cell viability was determined using a 
cell count kit-8 (CCK8).

Immunofluorescence (IF) assay
The protein was extracted using a low salt lysis buffer 
and the cells were lysed and centrifuged at 4 ℃. The cell 
supernatant was incubated with the antibody and beads 
(HY-K0202-5mL, MCE, USA) at 4 ℃ overnight. The 
remaining steps were reported in our previous study [23, 
26]. The incubated antibodies include HA-tag (66006-
2-Ig, Proteintech, China, 1:1000), Flag (F1804, Sigma, 
China, 1:1000), 6×His (10001-0-AP, Proteintech, China, 
1:1000), and MYC-tag (60003-2-Ig, Proteintech, China, 
1:1000).

Mice experiment
Located at the Experimental Animal Center of the Sixth 
Affiliated Hospital at Sun Yat-sen University, the BALB/c 
nude mice were acquired from GEMPHARMATECH 
(Guangdong, China). Female BALB/c nude mice (n = 5; 4 
weeks old) had 5 × 106 cells (MKN45-ShNC/Sh1/Sh2) in 
100 ul PBS injected subcutaneously into their left flanks. 
Tumor volumes were assessed every three days using 



Page 4 of 15Jiang et al. Journal of Translational Medicine          (2023) 21:632 

the formula V = W2 L/2. Tumor size was evaluated four 
weeks after, by sacrificing the mice.

For the construction of a model of lung metastasis, we 
injected 100 µl of PBS containing 5 × 106 MKN45-ShNC/
Sh1/Sh2 cells into the tail vein. Before being subjected to 
euthanization, mice were kept for a total of 60 days. After 
that, their lungs were formalin-fixed, cut into slices, and 
screened for metastatic nodules.

NOD-SCID mice were acquired from GEMPHAR-
MATECH (Guangdong, China) and kept in the 
Experimental Animal Center of The Sixth Affiliated 
Hospital, Sun Yat-sen University to establish GC PDX. 
The GC tissues used in this investigation were col-
lected with permission and ethical authorization (SYSU-
IACUC-2,022,051,303) from Sun Yat-sen University. In 
brief, 2  mm in diameter diced fresh tumor tissue was 
cleansed in PBS containing 1% penicillin-streptomycin 
before being subcutaneously implanted into NOD-SCID 
mice. Tumor volumes between 500 and 1500 mm3 (P0) 
showed successful engraftment; tumors were subse-
quently inserted to create P2-P6 mice for additional 
research. The P2 mice were randomly split into four 
groups (n = 5 per group) and given one of four pharma-
cological treatments: SiNC + PBS, LAD1-SiRNA + PBS, 
SiNC + OXA, or LAD1-SiRNA + OXA (i.p. injections 
of PBS and oxaliplatin every three days, and a dosage of 
5 nmol kg1 of siRNA every three days). The siRNA was 
provided by Genepharma (Shanghai, China) for use 
in  vivo. The mice were euthanized, and tumors were 
excised, fixed in formalin, and embedded in paraffin for 
IHC analysis when the tumor volume reached 1500 mm3 
or when the entire period of treatment was complete.

Online databases
Differential expression of LAD1 between GC and normal 
tissues was investigated through Oncomine (www.​oncom​
ine.​org) and TIMER2.0 (http://​timer.​cistr​ome.​org/), 
accessed on 12 June 2022.

Statistical analysis
Both GraphPad Prism 7.0 (San Diego, CA, USA) and 
IBM SPSS Version 21.0 (IBM, New York, NY, USA) were 
employed for analyzing the data. The means and stand-
ard deviations of continuous data were examined for 
statistical significance using the student’s t-test. Depend-
ing on the characteristics of the categorical variable, the 
Chi-square test or Wilcoxon signed-rank test was used 
to determine statistical significance. The log-rank test 
has been used for statistical analysis, and the Kaplan-
Meier method for calculating survival was also included. 
Using a backward-elimination method, Cox proportional 
hazards regression was used in a multivariate study to 

assess the importance of putative prognostic factors for 
survival.

Results
The LAD1 expression level was upregulated in GC patients 
samples
Data from the online public databases Oncomine and 
TIMER2 showed that LAD1 was upregulated more in GC 
than in normal tissues (Fig. 1A, B). The results from west-
ern blotting showed that gastric tissues had higher levels 
of LAD1 protein than normal tissues (Fig. 1C).

Through the utilization of IF and IHC tests, the results 
suggested that LAD1 was localized in the cytoplasm and 
membrane (Fig. 1D, E). These findings revealed that the 
expression of LAD1 was upregulated in GC.

Increased LAD1 expression indicated a poor GC prognosis
In contrast to low LAD1 expression, high LAD1 expres-
sion was associated with metastasis and a shorter OS and 
DFS (Fig. 2B, C, respectively). According to our research, 
high LAD1 expression was also associated with a worse 
prognosis in colorectal, liver, esophageal, and pancreatic 
malignancies (Additional file  1: Fig. S1). Furthermore, 
multivariate analysis revealed that LAD1 expression is an 
independent predictor of OS and DFS (Fig. 2D, E). These 
results suggest that LAD1 may play a promoter role in 
GC.

LAD1 enhances cell proliferation and chemoresistance 
in vitro
Stable cell lines (Fig.  3A) were developed and several 
in  vitro experiments were carried out to study the role 
of LAD1 in gastric carcinogenesis. Our findings dem-
onstrated that overexpression of LAD1 increased the 
capacity for colony formation (Fig.  3D) and cellular 
proliferation (Fig.  3B), and vice versa (Fig.  3C,  E). Our 
data showed that overexpression of LAD1 significantly 
decreased cell death induced by oxaliplatin (Fig.  3F), 
as measured by cell proliferation (Fig.  3H) and colony 
formation (Fig.  3J). Contrarily, when oxaliplatin was 
used, the knockdown of LAD1 had the opposite result 
from the overexpression of LAD1 (Fig.  3F–I). Accord-
ing to these results, LAD1 increases cell proliferation 
while lowering oxaliplatin-induced cell death, increasing 
chemoresistance.

LAD1 enhances cell invasion and migration in vivo 
and in vitro
The prognosis and therapeutic options for GC are 
severely constrained by metastasis, which involves both 
cell invasion and migration. We investigated the role 
of LAD1 in cell migration and invasion using transwell 

http://www.oncomine.org
http://www.oncomine.org
http://timer.cistrome.org/
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assays and wound healing after finding that LAD1 was 
significantly linked with GC metastases. Overexpres-
sion of LAD1 strengthens the wound healing ability in 
MGC803 and SGC7901 cells (Fig. 4A), and vice versa in 
MKN45 and NUGC3 cells (Fig. 4B). Overexpression of 
LAD1 consistently increased cell invasion and migra-
tion in MGC803 and SGC7901 cells (Fig. 4C), whereas 
it had the reverse effect in MKN45 and NUGC3 cells 
(Fig. 4D).

Following that, we established a xenograft tumor 
model to investigate the role of LAD1 in tumor growth. 
When compared to the control, LAD1 knockdown 
results in reduced tumor growth, including weight and 
volume (Fig.  4E–G). We additionally developed lung 
metastasis via tail injection to test the effect of LAD1. 

LAD1 knockdown, as expected, may reduce lung 
metastases (Fig. 4H, I). These findings imply that LAD1 
increases cellular invasion and migration both in  vivo 
and in vitro.

LAD1 promotes vimentin stabilization by weakening its 
ubiquitination
Our results showed that Vimentin and MAEA had sig-
nificant correlations with LAD1 (Fig.  5A), which was 
further confirmed by co-immunoprecipitation and co-
staining assays (Fig.  5B, C). We discovered that LAD1 
could increase Vimentin protein levels but not mRNA 
levels (Fig.  5D), showing that LAD1 regulates Vimentin 
post-transcriptionally. Overexpression of LAD1 inhib-
ited Vimentin degradation, but knockdown of LAD1 

Fig. 1  The LAD1 expression level was upregulated in GC patients samples. A, B LAD1 expression in different tumors and normal tissues 
were analyzed via the Oncomine database. C LAD1 protein expression in GC tissues was assessed through representative western blotting. 
D, E Endogenous LAD1 location in GC cells and tissues was determined through immunofluorescence and immunohistochemistry staining. 
Significance: *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 2  Increased LAD1 expression indicated a poor GC prognosis. A Representative findings of LAD1 protein expression through IHC, which were 
graded based on staining intensity in 168 GC tissues. B IHC findings show the correlation between metastasis status and LAD1 expression. C OS 
and DFS according to LAD1 expression. D-E Forest plots of multivariate Cox regression analyses showing the significance of different prognostic 
variables in GC OS and DFS. Significance as above
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Fig. 3  LAD1 enhances cell proliferation and chemoresistance in vitro. A Western blotting of LAD1 in GC cells transfected with ShLAD1 and LAD1. B, 
C The effect of ShLAD1 and LAD1 on the viability of the specified GC cells that were transfected. D, E Colony-forming potential of ShLAD1 and LAD1 
transfected GC cells. F Cell survival after being exposed to various OXA concentrations over 96 h. G The growth curves of the indicated cells treated 
with OXA. H, I Colony-forming potential of indicated cells treated with different OXA concentrations
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Fig. 4  LAD1 enhances cell invasion and migration in vivo and in vitro. A, B Wound healing ability when transfected with ShLAD1 and LAD1. C, D 
Invasion and migration ability when transfected with ShLAD1 and LAD1. E Xenograft tumor clustering and overall state in MKN45 cells after LAD1 
knockdown (n = 5 in every group). F Tumor volume growth curve in three groups. G Tumor weight of xenografts in the three groups. H Lung 
metastasis in MKN45 cells with LAD1 knockdown. I Lung metastasis count in the three groups. Significance as above
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increased Vimentin degradation considerably when 
treated with cycloheximide (CHX) (Fig.  5C), implying 
that LAD1 could prolong Vimentin half-life. Treatment 
of cells with the proteasome inhibitor (MG132) for 2  h 
increased LAD1-mediated stabilization, and this proce-
dure was carried out to determine whether LAD1 weak-
ens the ubiquitin-proteasome degradation of vimentin 
(Fig. 5E, F). Furthermore, we found that the overexpres-
sion of LAD1 could decrease the K48-linked polyubiq-
uitination of Vimentin, resulting in increased Vimentin 
protein levels (Fig.  5G). In contrast, the knockdown of 
LAD1 failed to decrease the polyubiquitination of Vimen-
tin (Fig. 5H), indicating that LAD1 competitively binds to 
Vimentin, disrupting its interaction with MAEA, an E3 
ubiquitin ligase, and resulting in decreased K48-linked 
ubiquitination of Vimentin, leading to increased Vimen-
tin protein levels in GC cells.

LAD1 abrogates the Vimentin‑MAEA interaction
We investigated the role of the novel E3 ligase, MAEA 
[22], in mediating the degradation of Vimentin and 
whether LAD1 could abrogate this process in GC. When 
treated with CHX, we discovered that MAEA overex-
pression greatly accelerated the degradation of vimen-
tin (Fig.  6A), indicating that MAEA may reduce the 
half-life of vimentin. We exposed the cells to MG132 
for two hours to examine whether MAEA was a factor 
in the ubiquitin-proteasome-mediated degradation of 
vimentin. We found that MAEA-mediated stabilization 
of Vimentin was weakened by MG132 (Fig.  6A). In a 
similar manner to LAD1, we also discovered that MAEA 
could lower the protein level of vimentin but not its 
mRNA level (Fig. 6B). In the meantime, IF staining fur-
ther supported the co-localization of MAEA and Flag-
Vimentin in the cytoplasm. Additionally, our research 
revealed that in MGC803 and MKN45 cells, MAEA 
could bind to Vimentin and cause K48-linked Vimentin 
polyubiquitination (Fig.  6D). Interestingly, we observed 
that LAD1 could dose-dependently decrease MAEA 
binding to Vimentin and boost the Vimentin protein 
level in both cell lines (Fig.  6E). Conversely, the addi-
tion of MAEA decreased LAD1 binding to Vimentin and 

reduced the Vimentin protein level in a dose-dependent 
manner (Fig. 6F). As shown in Fig. 6G, we also discov-
ered that both LAD1 and MAEA bound to the Head-
Rod (HR) domain of Vimentin, suggesting that LAD1 
might compete with MAEA for binding to Vimentin and 
disrupt the interaction between Vimentin and MAEA. 
These findings imply that LAD1 competes with Vimen-
tin for binding, preventing Vimentin from interacting 
with its E3 ligase MAEA. As a result, the level of the pro-
tein vimentin increases and K48-linked ubiquitination 
decreases.

LAD1 and vimentin were crucial for carcinogenesis in vitro 
and in vivo
We discovered that the negative effects of LAD1 knock-
down on cell migration, proliferation, invasion, and 
chemoresistance were substantially mitigated by the 
overexpression of vimentin (Fig.  7A–E). Importantly, 
we evaluated the potential therapeutic impact of LAD1 
targeting utilizing intraperitoneal siRNA and oxalipl-
atin injection using two PDX models. The Si1 group 
had reduced tumor development (weight and size) as 
compared to controls, particularly following oxaliplatin 
treatment (Fig.  7F, G), showing enhanced sensitivity to 
oxaliplatin. Therefore, according to our research, LAD1 
regulates the expression of Vimentin to support GC cell 
proliferation, migration, invasion, and chemoresistance 
(Fig. 8).

Discussion
According to the results of the current investigation, 
LAD1 was shown to be strongly expressed in gastric can-
cer and to be significantly correlated with metastasis. 
Patients with high LAD1 expression in gastric cancer had 
worse prognoses than those with low expression. Addi-
tionally, we discovered that LAD1 can promote chem-
oresistance in gastric cancer in vitro and in vivo, LAD1 
targeting can promote chemosensitivity, and LAD1 
can stabilize Vimentin by reducing MAEA-mediated 
ubiquitination.

The primary type of treatment for advanced GC is 
chemotherapy, and the standard first-line chemotherapy 

Fig. 5  LAD1 promotes Vimentin stabilization by weakening its ubiquitination. A Proteins immunoprecipitated with HA were separated 
by SDS-PAGE from MGC803 cells overexpressing HA-LAD1. Bands close to 50–70 kDa were manually excised, identified by mass spectrometry, 
and analyzed using GO Oncology for specific proteins. B Co-IP using antibodies against HA, Flag, and 6xHis revealed the exogenous interaction 
between LAD1, Vimentin, and MAEA. C Representative co-staining images of LAD1 and Vimentin in MGC803 and MKN45 cells overexpressing 
HA-LAD1. D LAD1 dose-dependently increased Vimentin protein expression without affecting its mRNA expression. E, F Western blotting 
of Vimentin levels in GC cells with transfected LAD1 and ShLAD1 with CHX and MG132 treatment. G The levels of Vimentin ubiquitination were 
specified via Western blotting in MGC803 and MKN45 cells following transfection with the respective plasmids. H Western blotting of Vimentin 
ubiquitination in MKN45 cells following the knockdown of endogenous LAD1. Significance as above

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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Fig. 6  LAD1 abrogates the Vimentin-MAEA interaction. A Western blotting of Vimentin levels in GC cells with transfected MAEA with CHX 
and MG132 treatment. B The mRNA level of Vimentin in MKN45 and NUGC3 cells after being transfected with MAEA. C Representative co-staining 
images of MAEA and Vimentin in MGC803 and MKN45 cells overexpressing Flag-Vimentin. D Western blot analysis of Vimentin ubiquitin in MGC803 
and MKN45 cells after transfecting the indicated plasmid. E LAD1 inhibited the K48-ubiquitination of Vimentin protein in a dose-dependent way. 
F MAEA promoted the K48-ubiquitination of Vimentin protein in a dose-dependent way. G Co-IP tests were carried out to examine the interaction 
between LAD1, MAEA, and several Flag-tagged Vimentin truncated mutants in MGC803 and MKN45 cells
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regimen includes oxaliplatin [27, 28]. Chemotherapy 
loses its efficacy as metastases develop and cases develop 
resistance to chemotherapy. Depletion of LAD1 prevents 
colorectal cancer cells from migrating to the liver in vivo, 
and increased LAD1 expression is linked to metastatic 
colorectal cancer tissues [8]. LAD1, a novel protein, has 
been implicated in the development of cancer. In the 
meantime, LAD1 knockdown in an animal model inhib-
ited the expression of genes essential for cell survival, 
slowing the growth of mammary xenografts [10]. Despite 
its potential use as a therapeutic target and predictive 
biomarker in GC, the role of LAD1 in GC carcinogenesis 
is unknown. The new protein LAD1 considerably stabi-
lized Vimentin by preventing MAEA-mediated ubiq-
uitination and enhancing cellular chemoresistance, 
invasion, migration, and proliferation. We also discov-
ered that high levels of LAD1 expression were associated 
with a poor prognosis and metastases in GC.

We analyzed the Oncomine and TCGA data to learn 
more about LAD1 in GC. Our results show that the 
mRNA level of LAD1 is considerably higher in GC than 
in normal tissues. We also found a strong correlation 
between LAD1 and metastasis, and that increased LAD1 
expression was connected to poor DFS and OS among 
individuals with GC. Furthermore, the pan-cancer anal-
ysis revealed that LAD1 is associated with a worse out-
come and accelerates carcinogenesis. Our in  vitro and 
in vivo studies, which are comparable to those on breast 
and colorectal malignancies [8, 10] provide additional 
evidence that LAD1 increases cellular invasion and 
migration, chemoresistance, tumor growth, and lung 
metastasis in GC.

The protein vimentin has been linked to increasing 
GC formation and prognosis [14, 29]. Ubiquitination 
is the primary mechanism for Vimentin degradation 
in tumors [30, 31]. The ability of tumor cells to escape 
from neoplasia in  situ tissue, infiltrate lymphatic or 
blood vessels, and spread to distant sites is assisted by 
the upregulation of Vimentin expression, which gives 
tumor cells the shape and properties of mesenchymal 

cells. Several investigations have linked vimentin to 
tumor invasion and metastasis. Moreover, drug resist-
ance is thought to be acquired by tumors through the 
EMT process, according to some investigations [4, 
16]. An E3 ligase is an essential enzyme in the ubiqui-
tination protease degradation pathway by interacting 
with the target protein. MAEA is a new E3 ligase that 
promotes autophagy and the preservation of hemat-
opoietic stem cells [22]. As a result, MAEA is critical 
in modulating cell stemness. However, its significance 
and function in malignant growths remain mostly 
unknown, and more research into its role in tumor cell 
stemness is required.

Mass spectrometry was used to learn more about how 
LAD1 contributes to carcinogenesis. Surprisingly, we 
found that LAD1 stabilizes vimentin rather than promot-
ing its degradation, in addition to interacting with vimentin 
and the MAEA protein. An earlier investigation suggested 
that MAEA might be a novel E3 ligase [22]. Accordingly, 
we hypothesized that LAD1 served as a molecular bridge 
between MAEA and Vimentin during the ubiquitination 
proteasome degradation process. We observed that both 
LAD1 and MAEA may impact the ubiquitination protea-
some degradation of Vimentin, as was predicted. How-
ever, whereas LAD1 inhibits Vimentin K48 ubiquitination, 
MAEA promotes it. Furthermore, LAD1 was discovered 
to bind to Vimentin competitively, inhibiting the E3 ligase 
MAEA from binding to Vimentin. We observed that 
Vimentin’s Head-Rod (HR) domain was a binding site for 
both LAD1 and MAEA.

In summary, our study first discovered the malignant 
tumor-promoting role of LAD1 in gastric cancer and dis-
covered a novel mechanism of LAD1 inhibiting the ubiq-
uitination of Vimentin mediated by MAEA. However, 
there are still limitations in this study. The relationship 
between LAD1 and clinicopathological characteristics, as 
well as MAEA and Vimentin in clinical samples, still has 
to be further confirmed. However, to confirm the clinical 
transformative value of LAD1, further PDX samples or the 
development of organoid models are still required.

Fig. 7  LAD1 and Vimentin were crucial for carcinogenesis in vivo and in vitro(cells transfected with the indicated plasmids). A Western blotting 
of MKN45 cells. B Analysis of colony formation ability in MKN45 cells. C Analysis of cell viability in MKN45 cells. D Quantification of invaded 
and migrated cells in MKN45 cells. E Representative images of sphere formation assays in MKN45 cells treated with or without OXA are shown. F-G 
Tumor weight of PDX model tumors after treatment with siRNA of LAD1 in vivo. H, I H&E, LAD1, MAEA, and Vimentin staining in the PDX tumor 
model mentioned above. Significance as above

(See figure on next page.)



Page 13 of 15Jiang et al. Journal of Translational Medicine          (2023) 21:632 	

Fig. 7  (See legend on previous page.)
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Conclusion
In conclusion, the current investigation showed that LAD1 
expression is increased in GC and that this increase is asso-
ciated with clinicopathological traits and the prognosis for 
GC. The OS and DFS of patients with high LAD1 expres-
sion were poorer. The process of vimentin competition 
and disruption with its E3 ligase MAEA, which is crucial 
for GC carcinogenesis, is hypothesized to be facilitated by 
LAD1. A potential treatment target for GC as well as a pre-
dictive biomarker has been identified by the findings of our 
study.

Abbreviations
LAD1	� Ladin-1
MAEA	� Macrophage erythroblast attacher, E3 ubiquitin ligase
GC	� Gastric cancer
OS	� Overall survival
DFS	� Disease-free survival
OXA	� Oxaliplatin
NOD-SCID	� Nonobese diabetic severe combined immunodeficiency
IF	� Immunofluorescence
Co-IP	� Co-immunoprecipitation
siRNA	� Small interfering RNA
IHC	� Immunohistochemical staining
TMAs	� Tissue microarrays
HRP	� Horseradish peroxidase
ORF	� Open reading frame

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12967-​023-​04401-2.

Additional file 1: Figure S1: Specific original records of the article 
modifications.

Acknowledgements
Not spplicable.

Author contributions
Conceptualization, YMJ, ZLY, YCF, and JTH.; methodology, YMJ, ZL.Y., YCF, and 
JQ; software, JTH, ZJC, and XCT; validation, CJL, TYL, and HC; formal analysis, 
CJL, YCF, and YMJ; investigation, ZZH, RCT, and JTH; resources, YZL, ZLY, and 
JTH; data curation, YMJ, YCF, and JTH; writing—original draft preparation, YMJ, 
and YCF; writing—review and editing, ZLY, CJL and HC; visualization, JQ; super-
vision, ZLY; project administration, YMJ YCF, and JTH; funding acquisition, ZLY, 
HC, and JTH. All authors commented on previous versions of the manuscript. 
All authors read and approved the final manuscript.

Funding
This study was supported by grants from the National Key Clinical Discipline, 
the Research Fund of the Sixth Affiliated Hospital of Sun Yat-sen University 
(P20200217202309876), the National Natural Science Foundation of China 
(Grant Nos 81772594, 81802322, and 81902949), the Natural Science Foun-
dation of Guangdong Province, China (Grant Nos 2020A1515011362 and 
2022A1515010262), and the Science and Technology Program of Guangzhou 
(Grant No. 201803010095).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and its supplementary information files. The raw data are available from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The study was conducted according to the guidelines of the Declaration 
of Helsinki and approved by the Research Ethics Committee of Sun Yat-Sen 
University (protocol code: 2020ZSLYEC-284, date of approval: 20201215). Writ-
ten informed consent was obtained from all subjects involved in the study. 
Informed consent was obtained from all subjects involved in the study.

Consent for publication
Written informed consent has been obtained from the patient(s) to publish 
this paper. All of the authors have approved the submitted manuscript and 
publication.

Fig. 8  Molecular mechanism diagram depicting the role of LAD1 in regulating malignant progression of GC (Created using BioRender).

https://doi.org/10.1186/s12967-023-04401-2
https://doi.org/10.1186/s12967-023-04401-2


Page 15 of 15Jiang et al. Journal of Translational Medicine          (2023) 21:632 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Competing interests
The authors declare no conflict of interest.

Received: 8 May 2023   Accepted: 29 July 2023

References
	1.	 Smyth EC, Nilsson M, Grabsch HI, van Grieken NC, Lordick F. Gastric can-

cer. Lancet (London England). 2020;396:635–48.
	2.	 Sexton RE, Al Hallak MN, Diab M, Azmi AS. Gastric cancer: a compre-

hensive review of current and future treatment. Cancer Metastasis Rev. 
2020;39:1179–203.

	3.	 Joshi SS, Badgwell BD. Current treatment and recent progress in gastric 
cancer. CA Cancer J Clin. 2021;71:264–79.

	4.	 Shibue T, Weinberg RA. EMT, CSCs, and drug resistance: the mechanistic 
link and clinical implications. Nat Rev Clin Oncol. 2017;14:611–29.

	5.	 Hogg N, Bates PA. Genetic analysis of integrin function in man: LAD-1 and 
other syndromes. Matrix Biol. 2000;19:211–22.

	6.	 Azevedo L, Serrano C, Amorim A, Cooper DN. Trans-species polymor-
phism in humans and the great apes is generally maintained by balanc-
ing selection that modulates the host immune response. Hum Genomics. 
2015;9:21.

	7.	 Nawaz Tipu H, Raza R, Jaffar S, Khan A, Anwar MZ, Ahmad W, et al. β2 Inte-
grin Gene (ITGB2) mutation spectra in Pakistani families with leukocyte 
adhesion deficiency type 1 (LAD1). Immunobiology. 2020;225: 151938.

	8.	 Moon B, Yang SJ, Park SM, Lee SH, Song KS, Jeong EJ, et al. LAD1 expres-
sion is associated with the metastatic potential of colorectal cancer cells. 
BMC Cancer. 2020;20:1180.

	9.	 Teixeira JC, de Filippo C, Weihmann A, Meneu JR, Racimo F, Dannemann 
M, et al. Long-term balancing selection in LAD1 maintains a missense 
trans-species polymorphism in humans, chimpanzees, and bonobos. Mol 
Biol Evol. 2015;32:1186–96.

	10.	 Roth L, Srivastava S, Lindzen M, Sas-Chen A, Sheffer M, Lauriola M, et al. 
SILAC identifies LAD1 as a filamin-binding regulator of actin dynamics 
in response to EGF and a marker of aggressive breast tumors. Sci Signal. 
2018;11: eaan0949.

	11.	 Leverkus M, Georgi M, Nie ZX, Hashimoto T, Bröcker EB, Zillikens D. 
Cicatricial pemphigoid with circulating IgA and IgG autoantibodies to the 
central portion of the BP180 ectodomain: beneficial effect of adjuvant 
therapy with high-dose intravenous immunoglobulin. J Am Acad Derma-
tol. 2002;46:116–22.

	12.	 Ridge KM, Eriksson JE, Pekny M, Goldman RD. Roles of vimentin in health 
and disease. Genes Dev. 2022;36:391–407.

	13.	 Dongre A, Weinberg RA. New insights into the mechanisms of epithelial-
mesenchymal transition and implications for cancer. Nat Rev Mol Cell 
Biol. 2019;20:69–84.

	14.	 Zhu ZL, Rong ZY, Luo Z, Yu ZL, Zhang J, Qiu ZJ, et al. Circular RNA circ-
NHSL1 promotes gastric cancer progression through the miR-1306-3p/
SIX1/vimentin axis. Mol Cancer. 2019;18:126.

	15.	 Lin ZJ, Wu YL, Xu YT, Li GQ, Li ZH, Liu T. Mesenchymal stem cell-derived 
exosomes in cancer therapy resistance: recent advances and therapeutic 
potential. Mol Cancer. 2022;21:179.

	16.	 Pan GT, Liu YH, Shang LR, Zhou FY, Yang SL. EMT-associated microRNAs 
and their roles in cancer stemness and drug resistance. Cancer Commun 
(Lond). 2021;41:199–217.

	17.	 Fischer KR, Durrans A, Lee S, Sheng JT, Li FH, Wong STC, et al. Epithelial-
to-mesenchymal transition is not required for lung metastasis but 
contributes to chemoresistance. Nature. 2015;527:472–6.

	18.	 Sosič I, Bricelj A, Steinebach C. E3 ligase ligand chemistries: from building 
blocks to protein degraders. Chem Soc Rev. 2022;51:3487–534.

	19.	 Zheng N, Shabek N. Ubiquitin ligases: structure, function, and regulation. 
Annu Rev Biochem. 2017;86:129–57.

	20.	 Rape M. Ubiquitylation at the crossroads of development and disease. 
Nat Rev Mol Cell Biol. 2018;19:59–70.

	21.	 Popovic D, Vucic D, Dikic I. Ubiquitination in disease pathogenesis and 
treatment. Nat Med. 2014;20:1242–53.

	22.	 Wei QZ, Pinho S, Dong SX, Pierce H, Li HH, Nakahara F, et al. MAEA is an E3 
ubiquitin ligase promoting autophagy and maintenance of haematopoi-
etic stem cells. Nat Commun. 2021;12:2522.

	23.	 Jiang YM, Yu XH, Zhao YD, Huang JT, Li TY, Chen H, et al. ADAMTS19 sup-
presses cell migration and invasion by targeting S100A16 via the NF-κB 
pathway in human gastric cancer. Biomolecules. 2021;11: 561.

	24.	 Huang JT, Sun Y, Chen H, Liao Y, Li SM, Chen CY, et al. ADAMTS5 acts as a 
tumor suppressor by inhibiting migration, invasion and angiogenesis in 
human gastric cancer. Gastric Cancer. 2019;22:287–301.

	25.	 Huang JT, Bai Y, Huo LJ, Xiao J, Fan XJ, Yang ZH, et al. Upregulation of a 
disintegrin and metalloprotease 8 is associated with progression and 
prognosis of patients with gastric cancer. Transl Res. 2015;166:602–13.

	26.	 Li TY, Zhou JY, Jiang YM, Zhao YD, Huang JT, Li WY, et al. The novel protein 
ADAMTS16 promotes gastric carcinogenesis by targeting IFI27 through 
the NF-κb signaling pathway. Int J Mol Sci. 2022;23: 11022.

	27.	 Lordick F, Carneiro F, Cascinu S, Fleitas T, Haustermans K, Piessen G, et al. 
Gastric cancer: ESMO Clinical Practice Guideline for diagnosis, treatment 
and follow-up. Ann Oncol. 2022;30:1005–20.

	28.	 Ajani JA, D’Amico TA, Bentrem DJ, Chao J, Cooke D, Corvera C, et al. Gas-
tric cancer, version 2.2022, NCCN clinical practice guidelines in oncology. 
J Natl Compr Canc Netw. 2022;20:167–92.

	29.	 Wei C, Yang CG, Wang SY, Shi DD, Zhang CX, Lin XB, et al. Crosstalk 
between cancer cells and tumor associated macrophages is required for 
mesenchymal circulating tumor cell-mediated colorectal cancer metasta-
sis. Mol Cancer. 2019;18:64.

	30.	 Pang K, Park J, Ahn SG, Lee J, Park Y, Ooshima A, et al. RNF208, an estro-
gen-inducible E3 ligase, targets soluble vimentin to suppress metastasis 
in triple-negative breast cancers. Nat Commun. 2019;10:5805.

	31.	 Li Q, Deng MS, Wang RT, Luo H, Luo YY, Zhang DD, et al. PD-L1 upregula-
tion promotes drug-induced pulmonary fibrosis by inhibiting vimentin 
degradation. Pharmacol Res. 2023;187: 106636.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	LAD1 promotes malignant progression by diminishing ubiquitin-dependent degradation of vimentin in gastric cancer
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Patients and tissue samples
	Immunohistochemistry
	Cell lines and culture
	Wound healing, invasion, and migration assay
	Plasmid construction and transfection
	RNA extraction and qRT-PCR
	Western blot analysis
	Colony growth assay
	Cell proliferation assay
	Immunofluorescence (IF) assay
	Mice experiment
	Online databases
	Statistical analysis

	Results
	The LAD1 expression level was upregulated in GC patients samples
	Increased LAD1 expression indicated a poor GC prognosis
	LAD1 enhances cell proliferation and chemoresistance in vitro
	LAD1 enhances cell invasion and migration in vivo and in vitro
	LAD1 promotes vimentin stabilization by weakening its ubiquitination
	LAD1 abrogates the Vimentin-MAEA interaction
	LAD1 and vimentin were crucial for carcinogenesis in vitro and in vivo


	Discussion
	Conclusion
	Anchor 32
	Acknowledgements
	References


